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The enzymatic oxidation of ascorbic acid has received a 
great deal of attention and appears to be involved in many 
physiological systems. However, only two enzymes have been 
reported that are capable of catalyzing the direct transfer 
of electrons from ascorbic acid to oxygen. The first of these 
is the highly purified and well characterized ascorbic acid 
oxidase from higher plant sources. It has been shown that 
this catalyst is a Cu enzyme which does not contain a heme 
prosthetic group. The second enzyme was discovered in lower 
plants and has been called "atypical" because it was not 
sensitive to heavy metal inhibitors. 
In previous work with the "atypical" oxidase from the 
fungus Myrothecium verruearia, it was observed that the 
stoichiometric observations were deviating from those expected. 
The literature associated with the higher plant oxidase and 
earlier work in this laboratory with the "atypical" oxidase 
from Myrothecium had shown that the enzyme-catalyzed oxidation 
of ascorbic acid utilized one-half mole of oxygen per mole of 
ascorbic acid oxidized. However, a recent report on the 
higher plant oxidase demonstrated that under particular con­
ditions hydrogen peroxide was accumulating in the reaction 
mixtures and the expected stoichiometry was disturbed. Fur­
thermore, extended studies of the stoichiometric relationships 
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with the fungal enzyme showed that there was a significant 
deviation in the oxygen utilization per mole of ascorbic acid 
and that carbon dioxide was being produced. The nature of 
the stoichiometric anomalies was studied and attempts were 
made to elucidate the factors involved. 
The origin of the carbon dioxide was examined in some 
detail. This was particularly interesting because various 
enzymes have been reported in recent years that can catalyze 
the degradation of the ascorbic acid molecule. The fungal 
extracts were examined for catalysts of this type and other 
factors affecting the carbon dioxide production were examined 
in an attempt to establish the mechanism of the decarboxyla­
tion. 
Literature reports have shown that peroxidase can 
aerobically oxidize the enediols dihydroxyfumarate and triose 
reductone without added hydrogen peroxide. The possibility 
that a catalyst in the extracts similar to peroxidase might 
be functioning in the ascorbic acid oxidation was studied. 
It has also been reported that hydrogen peroxide accumulates 
in the peroxidase reaction with trio se reductone. The fungal 
mediated reaction with ascorbic acid was examined for similar 
activity. The effects that hydrogen peroxide might have on 
the ascorbic acid oxidation were also considered. 
3 
TT T>TVrr ?*TiT OT? T T * T»TTT>T* U.M* J-UU V X XJ n WX ^li.MXUkXUlUJ 
Ascorbic acid oxidase from higher plant sources catalyzes 
the oxidation of ascorbic acid with the utilization of one-
half mole of oxygen per mole of ascorbic acid (25). This 
catalyst has been purified from various plant sources by 
several research groups (19, 70, 90). However, notable 
success has been achieved by Dawson and co-workers (19, 25) 
at Columbia in producing an enzyme with a high degree of 
purification and in subsequent characterization of the cata­
lyst. Joselow and Dawson (4l) reported that the enzyme is a 
copper protein with activity proportional to the copper con­
tent. Although St. Huszak (38) has proposed in earlier work 
that hydrogen peroxide was a product of the enzymatic oxida­
tion of ascorbic acid, Steinman and Dawson (95) and Chance 
(13) reinvestigated the question and found no indication of 
peroxide formation. It has been well established that non-
enzymatic copper catalysis of ascorbic acid produced hydrogen 
peroxide as a primary product (108)• However, Dunn and Dawson 
(25) investigated the stoichiometry of the purified ascorbic 
acid oxidase and found that one-half mole of oxygen was being 
consumed per mole of ascorbic acid oxidized which precluded 
the possibility of peroxide formation. Related to the perox­
ide question was the observation by Powers and Dawson (81) 
that the purified oxidase undergoes inactivation during the 
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course of the reaction. The inactivation could be reduced 
by addition of catalase to the reaction systems. The catalase 
protection suggested peroxide formation but this molecule was 
not detected. However, in recent work Tokuyama and Dawson 
(101) have detected small quantities of hydrogen peroxide as 
a product of ascorbic acid oxidation catalyzed by the purified 
higher plant oxidase. The functioning enzyme appears to be 
extremely sensitive to low levels of hydrogen peroxide. 
Dawson and co-worker's current interpretation of reaction 
inactivation (20) involves production of extremely low levels 
of peroxide that inactivate the enzyme which explains earlier 
observations related to protection by catalase. The same 
reports from Dawson's laboratory (20, 101) suggest that some 
of the copper sites of the enzyme may function "non-enzymat-
ically" in forming hydrogen peroxide but in such small quanti­
ties that the overall stoichiometry is not affected. Extend­
ing the study of the enzymatic copper, Poillon and Dawson (79) 
found twenty five percent in the Ou(I) state and seventy five 
percent in the Cu(II) condition. These workers also presented 
evidence (80) that Cu(I) is the source of the slow production 
of hydrogen peroxide responsible for inactivation. Further­
more, it was found that the Cu(I) of the catalyst did not 
function in the enzymatic oxidation of ascorbic acid and that 
the Cu(II) was responsible for the catalysis of ascorbic acid 
oxidation. 
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The higher plant oxidase is inhibited by copper chelators 
such as cyanide, azide, diethyldithiocarbamate, 8-hydoxyq.uino-
line and phenylthiourea (19). Frieden and Naile (30) found 
that the enzyme vas sulhydryl-dependent and suggested that the 
ascorbic acid free radical intermediate formed during oxida­
tion attacks the thiol group of the active site rendering it 
inoperative. However, Stark and Dawson (93) have contented 
this view and have concluded that the enzyme is not sulfhydryl-
dependent. Although, these workers also present evidence that 
suggests enzyme copper attachment to the protein through a 
sulfur linkage. 
An ascorbic acid oxidase was found in the spores and the 
mycelium of the imperfect fungus Myrothecium verrucaria (Alb. 
and Schw. ) Dit. by Mandels (62, 63). This catalyst was termed 
"atypical" because it did not appear to be sensitive to heavy 
metal inhibitors (17, 62, 63). White (109) extended the study 
of the fungal enzyme and concluded that it catalyzed the oxida­
tion of ascorbic acid in much the same manner as reported for 
the higher plant oxidase. The respiratory role of the 
"atypical" oxidase has been examined by various workers (37, 
110). Ward (106) reported an ascorbic acid oxidase in the 
slime mold Physarum polycephalum Schw. that was also resistant 
to heavy metal inhibitors. 
Mandels (63) and White (109) concluded from their 
observations that the stoichlometry of the ascorbic acid 
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oxidation catalyzed by the fungal ascorbic acid oxidase was 
similar to that reported for the higher plant enzyme. However, 
Ward1 s stoichiometry data (106) suggested the production of 
hydrogen peroxide as a primary product of the ascorbic acid 
oxidation by the catalyst from the slime mold. However, he 
was not able to show the actual production or accumulation 
of the peroxide. A re-examination in this laboratory of the 
stoichiometry of the ascorbic acid oxidation catalyzed by 
Myrothecium extracts demonstrated a utilization of oxygen in 
excess of the amount expected from one-half mole consumption 
per mole of ascorbic acid and the production of carbon dioxide 
during the enzymatic oxidation (59). 
The catabolism of ascorbic acid in biological systems 
has been a matter of interest for some years particularly by 
the research workers interested in the mode of action of 
ascorbic acid as a vitamin. Ourtin and King (15) and Dayton 
et al. (21) found that feeding ascorbic acid-l-C-14, dehydro-
ascorbic acid-l-C~l4, or 2,3-diketogulonic acld-l-C-14 to rats 
and guinea pigs gave rise to labeled respiratory carbon 
dioxide and urinary oxalate. They also observed that feeding 
labeled oxalate did not yield labeled carbon dioxide which 
suggested that no pathway for oxalate catabolism exists in the 
rat. Vickery (104) has made a similar observation in tobacco. 
However, enzymes catalyzing the decarboxylation of oxalic acid 
have been found in higher plants (69, 28), lower plants (18) 
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and microorganism as well (40, 88}• 
Burns and co-workers (11) found that the decarboxylation 
of ascorbic acid in rat kidney extracts was preceded by the 
oxidation of ascorbic acid to dehydroascorbic acid and the 
subsequent opening of the lactone ring to yield 2,3-diketo-
gulonic acid. This observation led to the purification of 
2,3-diketogulonic decarboxylase from rat liver homogenates by 
Kanfer, Ashwell and Burns (51) and from various other animal 
tissues by Kagawa (42). These research workers reported that 
the primary products of the enzymatic decarboxylation of 
2,3-diketogulonic acid are L-lyxonic and L-xylonic acid. 
Kagawa and collaborators (43) have presented a mechanism for 
the formation of two products. Furthermore, these workers 
have characterized enzyme systems capable of catalyzing the 
delactonlzation of dehydroascorbic acid (44, 45) although the 
reaction also occurs non-enzymatically (75, 91» 26). 
Ashwell and co-workers (5) have found enzymes that will 
convert the lactone of L-xylonic acid to the corresponding 
five carbon enediol, L-erythroascorbic acid, which can in turn 
be degraded by the same enzymes yielding a continuous pathway 
of catabolism. The same group (50) has also purified an 
enzyme from a fungus, Pullularla pullulans (de Bary) Berkhout, 
that is capable of catalyzing the reduction of 2,3-diketogulonic 
acid to 3-keto-L-idonic acid followed by breakdown to xylulose 
and carbon dioxide. Volk and Larsen (105) found a very similar 
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enzyme in Aerobacter aerogenes (Kruse) Beljerinick except this 
catalyst forms 0-keto-L-gulonic acid by the reduction of 2,3-
diketogulonic acid with subsequent breakdown to L-xylulose and 
carbon dioxide. The 3 keto six carbon compounds have also 
been proposed as possible precursors in ascorbic acid biosyn­
thesis (39). Pertinent to the observations on the formation 
of L-xylulose by enzymatic reduction of 2,3-diketogulonic acid 
have been the findings of Chan, Becker and King (12) who 
observed that incubation of guinea pig liver extracts with 
0-1 labeled oxidized ascorbic acid produced labeled carbon 
dioxide and L-xylose. 
Kagawa (42) observed the formation of oxalate and 
L-threonic acid in reactions involving 2,3-diketogulonic acid. 
This author reports that he found no enzyme that would cata­
lyze a reaction of this type. However, the formation of the 
oxalate and L-threonic acid was accelerated by the tissue 
homogenates. Shimazono and Mano (89) also postulate non-
enzymatic breakdown of 2,3-diketogulonic acid to oxalate and 
L-threonic acid. Earlier work by Penney and Zilva (76), 
Borsook et al. (9) and Bums et al. (10) established that the 
chemically initiated oxidative catabolism of 2,3-diketogulonic 
acid produced oxalate and L-threonic acid almost quantitative­
ly. Kamiya and Nakabayashi (49) observed that the polyphenol 
oxidase of tea leaves oxidized a portion of the added ascorbic 
acid beyond the 2,3-diketogulonic acid stage to L-threonic, 
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glyceric acid, glycolic acid and oxalate. 
Kamiya and Nakabayashi (46) also investigated the 
decomposition of ascorbic acid in alkaline solutions of 
hydrogen peroxide. They observed the formation of L-threonic 
acid, oxalic acid, glyceric acid, glycolic acid, formic acid 
and carbon dioxide. Furthermore, they reported 40 percent of 
the degradation of 2,3-diketogulonic acid proceeded through 
the cleavage of the 0-2,0-3 bond with the resulting formation 
of oxalate and L-threonic. The remaining 60 percent was 
cleaved through two individual decarboxylation steps yielding 
two molecules of carbon dioxide and one L-threonic acid 
molecule per molecule of 2,3-diketogulonic acid degraded. The 
L-threonic acid formed in either step was then further catabo-
lized to the observed compounds. These research workers also 
examined the products of ascorbic acid degradation in the 
presence of ferrous ion and hydrogen peroxide (Fenton's 
reagent) and observed the same products as reported for 
peroxide alone plus an enediol of L-threonic acid (47). This 
is the same type of molecule that Ashwell (5) reported for 
the enolization of the lactone of the five carbon acid 
L-xylonic acid. Kamiya and Nakabayashi (4q) have also observed 
the effect of ferrous and cupric ion on the degradation of 
ascorbic acid. In these systems ascorbic acid yielded 
L-threonic acid, oxalate and carbon dioxide. Schenck (87) has 
reported that the cleavage of oxidized ascorbic acid in the 
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presence or hydrogen peroxide yields oxalate and L-threonic 
acid. It appears that the reaction is light sensitive. 
Rosenfeld (85) proposed a mechanism for the cleavage of 
oxidized ascorbic acid between 0-2 and 0-3 yielding oxalate 
and a four carbon compound that was catalyzed by the phosphate 
ion. However, this concept was re-examined by Salegui (86) 
with the conclusion that the cleavage could well have been 
promoted by Penton's mechanism rather than the phosphate ion. 
Several research groups have observed that various 
electron donors may be oxidized only during the course of 
enzymatic oxidation of ascorbic acid. Mathews (68)» Beevers 
(6), Mason et al. (73), Kern and Racker (55), Hackett (33) 
and Hertz (72) have Investigated enzymes from plants that 
catalyze the transfer of electrons from ascorbic acid to 
oxygen and oxidize DPNH during the process. Furthermore, 
oxidized ascorbic acid did not react with the reduced pyridine 
nucleotide directly. Therefore, a one-electron intermediate 
(monodehydroascorbic acid) was postulated as the electron 
acceptor of the DPNH oxidation. An ascorbic acid-dependent 
DPNH oxidation has also been demonstrated in the microsomes 
from various animal sources. Staudinger (94) has done a great 
deal of work with the microsomal systems from pig adrenals and 
his conclusion is that the cyanide-insensitive autoxidizable 
cytochrome b^ is oxidatively coupled to DPNH through ascorbic 
acid. Furthermore, he feels that the one-electron reduction 
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of oxygen which is mediated through the olie-electron inter­
mediate of ascorbic acid oxidation is the source of hydroxyl 
radicals that may act in various biological hydroxylation 
reactions. Microsomes from plant sources have also been 
reported to contain autoxldizable cytochromes (66). Eartree 
(34) has suggested that the cyanide-insensitive respiration 
observed in some plants might be mediated through the 
autoxldizable, cyanide-resistant cytochrome b's. However, 
other workers (92) have presented evidence that conflicts with 
this hypothesis, and it seems that the question is not 
entirely resolved. 
Plant peroxidases in the presence of hydrogen peroxide 
catalyze the peroxidation of a variety of substances including 
enediol compounds like ascorbic acid (99). However, peroxi­
dases with narrow substrate specificities have also been 
observed (2, 112). Early workers also discovered an enzyme 
in plant extracts that oxidized dihydroxyfumarate in the 
absence of added peroxide (74). This enzyme was called 
dihydroxyfumarate oxidase. At approximately the same time 
various research groups (64) were characterizing the action 
of the ascorbic acid oxidase from higher plant sources. It 
appeared that the dihydroxyfumarate oxidase had an oxidatic 
and peroxidatic function while the ascorbic acid oxidase only 
had an oxidatic function. This seemed to cast some doubt on 
the dihydroxyfumarate oxidase as a "true" oxidase. This 
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problem was resolved by rheorell and Swedln (lOu) when they 
demonstrated that the dihydroxyfumarate oxidase reaction was 
catalyzed by peroxidase. This was one of the first demonstra­
tions of a peroxidase functioning as an oxidase. Subsequent 
work has shown that several substrates are aerobically 
oxidized by peroxidase (74). An interesting aspect of the 
dihydroxyfumarate oxidase reaction catalyzed by peroxidase is 
the fact that conflicting inhibitor results have been reported 
(74) with cyanide and carbon monoxide while these compounds 
uniformly block the "normal" peroxidase function. This 
question has not been fully resolved. 
The inhibition of the dihydroxyfumaric acid oxidation by 
catalase (100) was one of the first indications that the 
"oxidase" was indeed a peroxidase, although the presence of 
hydrogen peroxide was not chemically detected. Furthermore, 
Chance (13) has shown that extremely low levels of hydrogen 
peroxide can initiate the peroxidase reaction. In fact, in 
some systems no added hydrogen peroxide is necessary since it 
appears to be generated during the oxidation. This appears 
to be the case in the reactions involving peroxidative oxida­
tion of dihydroxyfumarate, indoleacetic acid (83), Mn++ (54, 
107) and reduced pyridine nucleotides (1). Stumpf (97) has 
shown that the activity of a fatty acid peroxidase is not 
affected by addition of hydrogen peroxide but thrives on 
hydrogen peroxide generated by flavoprotein enzymes. 
13 
Although catalase catalyzes the degradation of two 
hydrogen peroxide molecules to two molecules of water and one 
oxygen, Keilen and Hartree (52) and Chance (13) have presented 
evidence that catalase will function peroxidatively at low 
levels of hydrogen peroxide. Since this discovery, a large 
number of compounds (3, 98) have been found to be peroxida­
tively oxidized by catalase at low levels of hydrogen peroxide. 
Ethanol was the compound originally utilized as the peroxida-
tive reductant but it is Interesting to note that ascorbic 
acid was also reported as a substrate for the reaction (98). 
Galston et al. (31) reported that a pair of coupled 
enzymes were responsible for the oxidation of indoleacetic 
acid. The first enzyme was a light-sensitive flavoprotein 
that generated hydrogen peroxide as a product and the second 
was a peroxidase utilizing the peroxide generated. Indole­
acetic acid was a substrate for both reactions. Although the 
oxidized indoleacetic acid has not been clearly characterized, 
one carbon dioxide molecule is generated from the carboxyl 
group of each indoleacetic acid molecule during the enzymatic 
oxidation. Kenten (53) showed that the oxidation of indole­
acetic acid could be carried out with pure peroxidase, and 
recent work by Ray (83) has verified that indoleacetic acid 
oxidase is indeed a peroxidase. 
The ratio of 1:1 of oxygen consumed per mole of carbon 
dioxide produced observed in the peroxidation of indoleacetic 
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acid had also been observed in the peroxidase action on 
dihydroxyfumerate (?4). However, Kun and Hernandez (56) and 
Chow and Vennesland (14) have reported the non-enzymatic 
decarboxylation of diketosuccinate to tartronate. Diketosuc­
cinate has been reported to be the first product of the per­
oxidation of dihydroxyfumarate which would explain the 
observed stoichiometry. However, conflicting claims have been 
made on the first product of the peroxidation which seems to 
place the whole question in the realm of the uncertain (74). 
Stumpf (97) has also observed a stoichiometric decarboxylation 
during the reaction catalyzed by a peroxidase. 
One of the major advances in enzymology in recent years 
has been the clarification of the incorporation of atmospheric 
oxygen into biological molecules. Oxygen-18 has enabled 
research workers to prove the origin of oxygen in various 
reactions. A group of enzymes catalyzing the addition of two 
atoms of oxygen to a substrate molecule has been termed 
oxygenases, whereas enzymes incorporating one atom of oxygen 
and with concomitant reduction of the sister atom enzymatically 
have been named mixed function oxygenases or hydroxylases. 
The mixed function oxygenase suggests the requirement for an 
external electron donor. However, the substrate may itself 
serve as the donor as in lactic acid decarboxylase where it 
has been observed (35) that the lactic acid accepts one atom 
of oxygen and furnishes two electrons through a flavin system 
15 
to the other oxygen atom yielding carbon dioxide, »oetio acid 
and water. 
Mason (67) has shown that peroxidase catalyzed oxidation 
of dihydroxyfumarate initiates hydroxylation of a variety of 
aromatic compounds. This led to work by others (103) who have 
been able to demonstrate that molecular oxygen is incorporated 
into substrate molecules during reactions catalyzed by per­
oxidase. Yamazaki (112) has made a major contribution in 
clarifying the action of peroxidase as an oxygenase. He and 
his collaborators worked mainly with purified turnip peroxi­
dase and triose reductone as a substrate (111, 115). The 
peroxidase reaction was shown to be bi-phasic consisting of 
the oxidatic reaction generating hydrogen peroxide and the 
peroxidatic phase utilizing the peroxide. He observed the 
accumulation of hydrogen peroxide under certain conditions and 
could substitute methylene blue and cytochrome c for oxygen 
as the initial electron acceptor (114). The work was extended 
by measuring the presence of a free radical using electron 
spin resonance in various peroxidase systems (116, 117)• This 
work has produced a scheme involving the production of per-
hydroxyl radicals from the one-electron reduction of oxygen 
that serve as the hydroxylators or that can dismutate yielding 
hydrogen peroxide and oxygen. 
The observation that free radicals formed peroxidatively 
can serve as reductants led Yamazaki into other investigations 
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related to this mechanism, tie was able to demonstrate the 
formation of free radicals with an electron spin resonance 
instrument during the oxidation of ascorbic acid catalyzed by 
the ascorbic acid oxidase from higher plants (113). Further­
more, Yamazaki reported the reduction of cytochrome c in the 
presence of the oxidase, ascorbic acid and oxygen. The 
stoichiometry of the reaction indicated that oxygen accepts 
one electron from each substrate molecule while the second 
electron is transferred to cytochrome c. This is somewhat 
similar to the mixed function oxygenases reported by other 
workers. He concludes that the free radical of ascorbic acid 
has a unique oxidation-reduction potential which allows for 
reduction of cytochrome c and oxidation of DPNH even though 
the starting substrate molecule or the fully oxidized product 
can do neither. 
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III. MATERIALS AND METHODS 
A. Culture Technique and Extraction Methods 
The spore cultures of Myrothecium verrucarla (Alb. and 
Schw.) Dit. used in this investigation were obtained from 
Stottlemeyer (96). The original strain of the organism was 
QM 460, which came from the Philidelphia Quartermaster General 
Laboratories in 1950 and was maintained by point cultures as 
described earlier (59). Spore production cultures were proc­
essed in the same manner as the point cultures except the 
spore inoculum was uniformly dispersed over the surface of the 
agar in the culture flask. This method produced spores of 
uniform age which were used for inoculating the mycelial 
production flasks. 
The liquid medium recommended by Darby and Goddard (16) 
was used to produce mycelial pellets. The components of the 
liquid medium and the handling procedures have been described 
(59). A 0.5 ml. aliquot of spore suspension containing 
approximately 5 x 10^ spores was added to 50 ml. of sterile 
liquid medium in 250 ml. erlenmeyer flasks. The liquid 
cultures were shaken for 24 to 30 hours at 30°C. on a rotary 
shaker. The mycelium was harvested by filtering under suction 
followed by washing twice with distilled water and filtered 
to dryness. The mycelial pad was weighed to give a rough wet 
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weight of the preparation. A wet weight of about 1.0 g. pex-
culture flask was an average yield. 
The mycelium was ground with the Servall blendor using 
the technique developed in earlier work (59)• Three ml. of 
water was added to the grinding cup for every gram of wet 
mycelium and 3 to 5 g. of 100 mesh pyrex glass was added to 
enhance the grinding action. In these extractions the 
blendor was operated at 15,000 r.p.m. and the grinding cup 
was immersed in an ice bath. After grinding for 10 minutes, 
the mycelial debris and supernatant were transferred to petri 
plates and placed in a -20*0. freezer. When this material was 
to be assayed, it was thawed and resuspended with the blendor. 
The debris and supernatant were then transferred to pre-
chilled 4o ml. centrifuge tubes which were centrifuged for 10 
minutes at 1000 x G. at 0*0. The supernatant was decanted 
from these tubes into pre-chilled 10 ml. tubes which were 
centrifuged for 4o minutes at 20,000 x G. at 0*0. The result­
ing supernatant routinely was dialyzed at 5*0. for 12 hours in 
90 times the volume of deionized water with three water 
changes before being assayed. 
B. Reagents and Substrates 
The source of the special reagents and substrates used 
are listed below: 
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tteagent 
Horseradish peroxidase 
Catalase 
2,6-Dichlorophenolindophenol 
2,4-Dinitrophenylhydrazine 
Sodium azlde 
Protamine sulfate 
Bovine albumin 
Glutathione 
Ethylenediaminetetraac eti c 
acid (EDTA) 
Diethyldithiocarbamate 
Paraehloromercurobenzoate 
8-OH-Quinoline 
Bathocuproine 
Urethane 
Tris(hydroxymethyl)aminomethane 
(Tris) 
Iodoacetate 
Quinone 
tiu ux"v e 
Worthington Biochemicals 
Worthington Biochemicals 
Eastman Organic Chemicals 
Eastman Organic Chemicals 
Eastman Organic Chemicals 
Mann Research Laboratories 
Armour Laboratories 
Schwarz Laboratories 
Each Chemical 
Eastman Organic Chemicals 
Sigma Chemical 
Eastman Organic Chemicals 
G. Fredrick Smith Chemical 
Fischer Scientific 
Commercial Solvents 
Eastman Organic Chemicals 
Fischer Scientific 
Substrates 
L-Ascorbic acid 
L-Dehydroascorbic acid 
Reduced diphosphopyrldine 
nucleotide (DPNH) 
Reduced cytochrome c 
Pyrogallol 
Guaicol 
L-Ascorbic acid-l-C-14 
Sodium Carbonate-C-l4 
Ba-Ir-Lyxonic acid 
Ba-L-Xylonic acid 
L-Xylulose 
L-Threonolactone 
Ca-L-Arabonic acid 
Merck 
Nutritional Biochemicals 
Sigma Chemical 
Sigma Chemical 
J.T. Baker Chemical 
Calif. Corp. Biochem. 
Research 
New England Nuclear 
Nuclear Chicago , 
Dr. G.A. Ashwell 
Dr. G.A. Ashwell 
Dr. G.A. Ashwell 
Dr. P.G. Dayton^ 
General Biochemicals 
^National Heart Institute, National Institute of Health, 
Bethesda, Maryland. 
^The New York Univ. Medical Center, New York, N.Y. 
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All reaction measurements were made at 30°C. in a Warburg 
respirometer at a shaking rate of 130 oscillations per minute. 
The enzyme extract was placed in the flask side arm and tipped 
into the reaction mixture after a 10 minute equilibration in 
the bath. Readings were taken at 5 minute intervals for the 
first 20 minutes and 10 minute intervals thereafter. The 
initial rates were calculated from plotted reaction curves. 
Carbon dioxide measurements were made according to the "direct 
method" or the "single flask method" described by Umbreit et 
al. (102). Standard assay reaction mixtures contained 0.6 
ml. 0.045 M acetate buffer, 0.8 ml. dialyzed enzyme extract, 
0.4 ml. 0.05 M ascorbic acid in 5 x 10"-* M EDTA and either 
0.2 ml. 20 percent KOH with a paper accordian or 0.2 ml. water 
in the center wells. The reaction components were adjusted to 
the desired pH by addition of HC1 and KOH. 
D. Indophenol and Roe and Keuther Measurements 
Measurement of ascorbic acid was carried out by colori-
metric determination of reducing power with 2,6-dichloro-
phenolindophenol dye. The procedure was essentially the one 
described by Gyorgy (32) involving the use of xylene for 
extraction of unreduced dye. Stock dye was prepared by adding 
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27.5 mg. dye, 50 mg. NaHCO^ to water made up to 25 ml. volume. 
The stock dye was prepared fresh each week and stored In the 
refrigerator. A 1:8 dilution was made immediately before use 
which yielded approximately the quantity of dye necessary to 
oxidize 50 P-g. of ascorbic acid. One ml. samples of the 
reaction mixtures diluted in 5% HPO^ were pipetted into 10 
ml. test tubes containing 1 ml. 4 M acetate buffer pH 4.0. 
The dye was then added to the tubes and the mixtures stirred. 
Immediately afterward, 5 ml. of freshly distilled xylene was 
added and the tubes were shaken vigorously to insure complete 
extraction of the unreacted dye in the xylene layer. The 
xylene was then pipetted from the first tube into a colorim­
eter tube and clarified of trapped bubbles by centrifugation. 
The optical density (O.D.) of the xylene-dye mixture was 
measured at 510 mP in a Photovolt colorimeter against a xylene 
blank. The optical density of a xylene-dye mixture containing 
dye that had been partially reduced by ascorbic acid was 
subtracted from that of a dye-blank tube. The dye-blank tube 
contained 1.0 ml. acetate buffer, 1.0 ml. dye and 1.0 ml. 5$ 
HPOy The difference in optical densities with proper 
standardization served as a measure of ascorbic acid. 
The oxidized ascorbic acid measurements were made by the 
Roe and Keuther method essentially as described by Roe (84). 
This technique consists of forming the bis-2,4-dinitrophenly-
hydrazone of oxidized ascorbic acid followed by treatment with 
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stable, reddish product which is then measured photometrically 
at 544 mP*. The 2,4-dinitrophenylhydrazine (BNP) solution was 
prepared by adding 5 g. MP and 10 g. thiourea to 250 ml. 9 N 
HgSO^ followed by filtration. The stock solution was prepared 
once monthly and stored in the refrigerator. The procedure 
consisted of addition of 4 ml. of 5% HPO^ test solution con­
taining 2 to 10 P-g. oxidized ascorbic acid to colorimeter tubes 
followed by 1 ml. DNP. The tubes were shaken, stoppered and 
placed in a 37°C. water bath for three hours and then trans­
ferred to an ice bath with addition of 5 ml. 85$ HgSO^ and 
adequate stirring. The tubes were centrifuged to remove 
trapped bubbles and equilibrated with the room temperature 
followed by measurement of the optical density at 544 mP- with 
a Photovolt colorimeter. The blanks were handled in the same 
way except the addition of the DNP followed the addition of 
the 85$ HgSO^. A standard plot of optical density versus con­
centration of oxidized ascorbic acid was prepared by applying 
the method to known quantities of oxidized ascorbic acid. The 
latter was prepared as directed by Roe (84) by bromine oxida­
tion. The bromine was added to known quantities of the 
ascorbic acid while stirring until the solution turned yellow. 
The excess bromine was then removed by bubbling air through 
the solution until the yellow color disappeared. The solution 
was adjusted to the appropriate pH and made up to the desired 
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volume. 
E. Removal of Oxidized Ascorbic Acid 
From Reaction Mixtures 
Initial chromatographic examinations of reaction mixtures 
showed the necessity for removal of the dehydroascorbic acid 
(DHA) and the diketogulonic acid (DKG) before addition to the 
chromatograms. Mapson (65) and Salegui (86) reported that 
o-keto acids present during the formation of the DNP deriva­
tives will form products that are soluble in 0.2 M NaHCO^ 
while the osazones remain insoluble. A search for the o-keto 
DNP derivatives in the reaction mixtures revealed no bicarbon­
ate soluble fraction. A modification of the procedure for 
formation of DNP products of DHA and DHG was utilized to 
remove these compounds as the insoluble osazones. Routine 
treatment involved addition of 5 ml. of 2% DNP in 9 N HOI to 
15 ml. of reaction material followed by immersion in a 37*0. 
bath for five hours. The insoluble red osazone and extract 
proteins were removed by filtration followed by extraction of 
the supernate with ethyl acetate for removal of the unreacted 
DNP. The colorless, aqueous solution contained no detectable 
amounts of DHA or DKG measured chromatographically. 
24 
£ • VIIJ. VÙICL U UGJ. CAPIIJ. v i>C UCU ùXi/ii -i. ID Uxia-iô- «U[ vio 
Following solvent development of the paper chromatograms, 
several apray detection agents were applied to the papers to 
discriminate among various compounds of interest. Among the 
routine sprays utilized was a pH indicator described by 
Hanson (82) containing 0.04 g. of bromcresol green in 100 ml. 
of 95$ EtOH. Papers to be sprayed with pH indicators were 
autoclaved for 10 minutes,then dried In a hood for removal of 
volatile acids used in the solvent systems. Ammoniacal silver 
nitrate spray reagent was prepared by mixing equal volumes of 
0.1 M AgNO^ and 0.1 M NH^OH immediately before use. This 
reagent is sensitive to reducing compounds and is colored 
differently by various compounds as described by Hanson (82). 
The detection of enediols was carried out by spraying with 
0.001 N aqueous 2,6-dichlorophenolindophenol as described by 
Franke (29). Feldheim and Ozerney (27) have described a 
method for detection of L-threonic acid. The spray is pre­
pared by adding 0.04 g. of methyl orange to 100 ml. of 95$ 
EtOH. Although this is nothing more than a pH spray a very 
distinctive red color is observed with threonic acid and the 
AgNOj spray does not react at all. Lactones were detected by 
the method described by Bell (7). This technique involved the 
addition of equal volumes of 1.0 N methanolic hydroxylamine to 
1.1 I methanolic KOH immediately before use forming the 
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alkaline hydroxylamine. This was then sprayed on dried, 
unsteamed papers followed by drying for 10 minutes. The dried 
papers were then sprayed with a 6% trichloroacetic acid-6$ 
FeClj solution for development of the characteristic brown 
spots produced by the lactones. 
G. Preparation of 2,3-Diketo-L-gulonic Acid 
Diketo-L-gulonic acid was prepared through oxidation of 
4.45 g. L-ascorbic acid in 25 ml. water by addition of 1.85 g. 
of KIO-j (the equivalent amount) in 25 ml. water in the cold. 
This is essentially the method of oxidation of ascorbic acid 
to dehydroascorbic acid described by Penney and Zilva (77)• 
The lactone ring of the dehydroascorbic acid was then opened 
by the dropwise addition of 25 ml. IN KOH in the cold while 
stirring. The KOH was added over a period of 35 minutes and 
Ng was bubbled through the oxidized ascorbic acid solution to 
prevent oxygen degradation. Following the addition of the 
base, the pH was approximately 5.5 and the solution had turned 
yellow. The solution was then poured into 400 ml. of absolute 
ethanol while stirring at -16°0. A snow-white precipitate 
formed which was collected in large centrifuge bottles by 
centrifugation at -20*0. The supernate was decanted and the 
precipitate filtered off at -18*0. and evacuated to dryness. 
This method yielded a product having a single spot on a 
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chromatogram with an Rf identical to that of diketo-L-gulonic 
acid prepared by Ourtin and King's (15) modification of Penney 
and Zilva's (77) method. Furthermore, the Roe and Keuther 
test demonstrated the presence of oxidized ascorbic acid while 
the FeCl^-hydroxamic acid assay for lactones by the Lipmann 
and Tuttle (58) reagent was negative. Dehydroascorbic acid 
yields a positive reaction with the lactone reagent. 
The removal of cations from the compounds of interest 
was carried out by absorbing the ions on an exchange column. 
Twenty Moles of the material was added to a Dowex-50 (D-50) 
column (0.5 x 6.0 cm.). The column was in the hydrogen form 
at the beginning of the treatment. The compounds were then 
eluted with water and the resulting eluant was concentrated 
under reduced pressure. 
H. Purification Procedures 
The method employed was that described by Volk and 
Larsen (105) with minor modifications. It consisted of addi­
tion of 1 M MnClg to the extract to give a final concentration 
of 1 mmole of MnClg per 600 mg. protein (by the Folin-phenol 
method). The extract was then adjusted to pH 7.5 and stirred 
for 15 minutes at 0°0. followed by centrifugation at 0*0. The 
supernatant from the procedure was then treated with 1% 
protamine sulfate, 1 ml. per 10 ml. of extract. The resulting 
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mixture was adjusted to pH 5.0, stirred for 15 minutes at 
0*0., and centrifuged at 0*0. Before assay, the supernatant 
was dialyzed for 12 hours in 90 times the volume of water with 
three changes at 5°C. The protein was measured by the Folin-
phenol method as described by la wry e_t al. (60). 
I. Labeled Ascorbic Acid Techniques 
Experiments involving labeled ascorbic acid-C-l-l4 were 
carried out in Warburg flasks with the standard reaction 
components. The carbon dioxide produced during the ascorbic 
acid oxidation was trapped in 0.3 ml. 7 N NaOH in the center 
wells. Following completion of the enzymatic reaction, the 
NaOH was pipetted from the center wells with three subsequent 
washings with carbon dioxide-free water. The base and wash­
ings from a particular flask were combined in 50 ml. conical 
centrifuge tubes and diluted to 10 ml. with carbon dioxide-
free water. Adequate cold Na^OO^ was added to the tubes to 
insure precipitation of BaCO^ in amounts necessary for 
infinite thickness (20 mg./cm.2). Sufficient BaOlg to 
precipitate the carbonate as insoluble BaCO^ was then added 
to the tubes. The tubes were stoppered and allowed to stand 
for 20 minutes. The BaOOj was centrifuged down, the super­
natant decanted and the precipitate resuspended in 30 ml. 
H20. The washing procedure was carried out three times. The 
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Baûû^ "Chen was resuspended in .bitOti and filtered on weighed 
filter papers. The collection of BaCO^ was essentially the 
method described by Aronoff (4). The samples were placed in 
planchets and counted with a Nuclear-Chicago detector and 
scaler utilizing gas flow and a micro-mil thin window on the 
detector. The quenching gas was 97.3 percent helium and 1.7 
percent butane. The counting rate and net weight of the BaCO^ 
yielded the values necessary for calculating the specific 
activity of a given sample. 
A 50 Pc., 7 mg. sample of ascorbic acid-l-C-l4 was 
obtained from the New England Nuclear Corp. containing a 
specific activity of 1.25 Pc./mmole. A sample of 1.00 mg. 
was weighed on an analytical balance and dissolved in 28.5 ml. 
of double-distilled (glass) water. This procedure yielded 
0.250 Pc./ml. (7.14 Pc./28.5 ml. = 0.250 Pc./ml.). From the 
manufacturer's specifications and consideration of the dilu­
tion techniques, it was estimated that the error associated 
with the diluted activity was + 0.010 Pc./ml. The sample 
was divided into 4 ml. aliquots and sorted frozen. Dye 
measurements of the material indicated 100 percent of theoret­
ical reducing power. In routine experiments 0.4o ml. of the 
0.250 + 0.010 Pc./ml. ascorbic acid was added to each Warburg 
flask containing a total of 20 Pmoles of ascorbic acid. This 
yielded 0.100 + 0.004 Pc. of activity in the reaction mixture. 
In order to establish the absolute amount of labeled 
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carbonate found in the IN a OH of the Warburg flask center wells, 
a radioactive solution standard of Na^OO^ was obtained from 
Nuclear Chicago Corp. containing 8-82 x 10 ^ dps + 3%. The 
sample was diluted to a final volume of 200 ml. and four 2 ml. 
aliquots were removed for development of values for a standard. 
The 200 ml. dilution yielded 0.00119 Pc./ml. or for 2 ml., 
0.00238 Pc., which can also be expressed as 2.38 x lO~^ + 
0.072 x 10-^ p,c> The 2.38 x 10"^ Pc. samples were placed in 
50 ml. conical centrifuge tubes and treated in the same way 
as the carbonate in the NaOH from the Warburg flasks. All the 
BaCOj) samples in these experiments were counted with identical 
geometry. The samples of BaCO^ yielded the following counting 
rates after correction for background : 129 + 2 c/m, 132 + 
2 c/m, 129 + 2 c/m, 132 + 2 c/m. These observations did not 
differ significantly at the 95 percent level. The mean 
specific activity for the four samples was 1.39 + 0.042 
c/m/mg. 
The experiments reported in the previous paragraph 
demonstrated that 2.38 x 10"^ + 0.072 x 10Pc. of activity 
from a standard carbon-14 labeled Na^CO^ source produced a 
specific activity of 1.39 + 0.042 c/m/mg. after the routine 
BaCOj precipitation treatment. This ratio of known absolute 
activity to recovered specific activity was used to interpret 
the specific activities of unknown samples in absolute activity 
units. The absolute activity of the carbonate in the reaction 
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flask center well could then be compared with the absolute 
activity of the ascorbic acid-l-C-14 originally added to the 
reaction mixtures. 
A sample calculation is presented in this paragraph to 
explain the methods employed in arriving at the conclusions 
presented in the results section. As an example it was 
supposed that a BaCO^ sample obtained from the center well 
carbonate with the routine treatment contained a specific 
activity of 3.00 + 0.15 c/m/mg. Initially 0.100 + 0.004 Pc. 
of ascorbic acid-l-C-14 had been added to the reaction mix­
tures. The specific activity of the center well sample could 
be expressed in units of absolute activity by comparison with 
the ratio of standard labeled Na^OO^ absolute activity to 
specific activity as follows: 
(standard) (experimental) 
2.38 x 10~3 + 0.07 x IP"3 Pc. _ X Pc. 
1.39 ± 0.04 c/m/mg. 3.00 + 0.15 c/m/mg. 
X = 5.14 x 10"3 + 0.25 x 10™3 Pc. 
The percentage of decarboxylation was calculated: 
0.100 + 0.004 Pc. x Y = 5.14 x 10"3 + 0.25 x 10™5 Pc. 
Y = 0.0514 + 0.0021 or 5.14$ 
This calculation showed that 5.14$ of the C-l4 activity 
originally added as ascorbic acid-l-C-l4 had been transferred 
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Initially, 20 Moles of ascorbic acld was present in the 
reaction mixtures. Therefore, the amount of carbon dioxide 
expected from 0-1 decarboxylation could be determined: 
20 Moles x 0.0514 + 0.0021 = 1.03 + 0.04 Moles 
1 mole _ 1«03 ^  0«04 P»moles 
22.4 liters ~ _X P-l. 
X = 23.1 + 0.92 HI. 
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A. Excess Oxygen Uptake and Carbon Dioxide 
Evolution During Ascorbic Acid Oxidation 
It has been reported that both crude extracts and the 
highly purified ascorbic acid oxidase from higher plants 
catalyze the oxidation of ascorbic acid with the utilization 
of one-half mole of oxygen per mole of ascorbic acid (19, 25). 
This stoichiometric relationship has also been reported for 
the spore and mycelial extracts of Myrothecium (63, 109). 
However, in earlier work by the author on extraction techniques 
and reaction conditions, the manometric measurements did not 
coincide with the reported stoichiometry (59). Throughout 
this thesis the term "excess oxygen uptake" will be used to 
define the amount of oxygen consumed in excess of the amount 
expected from one-half mole of oxygen consumption per mole of 
ascorbic acid. Some of the studies presented in this section 
were designed to measure the frequency and magnitude of the 
excess oxygen consumption. 
Earlier work had established that the ascorbic acid 
oxidase from fungal extracts was a soluble, heat-labile and 
non-dialyzable catalyst (59). Preliminary tests also had 
shown that enzymes such as phenolase or glutathione reductase 
that might conceivably have been coupled to ascorbic acid 
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oxidation ire re not present in the extracts (59, 109). 
In addition to the excess oxygen consumption, preliminary 
studies showed that carbon dioxide was being produced during 
the enzymatic oxidation of ascorbic acid. Dawson and Tarpley 
(19) working with ascorbic acid oxidase from higher plants on 
the other hand, concluded that dehydroascorbic acid was the 
primary product of the reaction and that this molecule could 
be non-enzymatically converted to 2,3-diketogulonic acid (91) 
with no further breakdown of either compound. Therefore, it 
seemed imperative to investigate the nature of the carbon 
dioxide reaction further. 
The mean excess oxygen consumption and carbon dioxide 
production were determined from 68 observations on 42 extracts 
with standard pH 4.5 assay conditions. The mean oxygen utili­
zation in excess of one-half mole of oxygen per mole of 
ascorbic acid was 69 PI. with a range of 0 to 207 PI. and a 
95$ confidence interval of 59 to 78 PI. In addition, these 
experiments yielded a carbon dioxide production mean value of 
60 PI. with a range of 3 to 114 pi. and a 95$ confidence 
interval of 54 to 66 PI. Excess oxygen consumption occurred 
in 96$ of the gas exchange observations while carbon dioxide 
production was observed in all the assays. Furthermore, a 
correlation coefficient of r = 0.623 was found for the oxygen 
excess and carbon dioxide evolution. This value is signifi­
cant at the 95$ level. 
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excess oxygen consumption or the carbon dioxide evolution 
could be enhanced or curtailed by these agents. Some heavy 
metal and sulfhydryl inhibitors were tested in these experi­
ments. Studies were also made on the effect of varying the 
buffer and the pH in the reaction systems and on the addition 
of catalase to remove any peroxide that might be generated. 
Various literature reports (20, 108) have demonstrated that 
hydrogen peroxide can be formed in the enzymatic or non-
enzymatic oxidation of ascorbic acid. Typical data from these 
experiments are presented in Table 1. It appeared that azide 
raised the excess oxygen consumption while the other inhibi­
tors and catalase had little effect. 
Experiments were carried out in which the enzyme and 
substrate concentrations were varied. The objective was to 
determine if these factors had an effect on the excess oxygen 
uptake, carbon dioxide production or both. Representative 
data from these experiments are presented in Table 2. It 
appeared that reaction mixtures containing the 5 Mole level 
of ascorbic acid did not deviate from expected oxygen uptake 
nor was there any carbon dioxide production. This suggested 
that a relatively high enzyme-substrate ratio might generally 
give the expected stoichiometry. It is interesting to note 
that Tokuyama and Dawson (101) have reported a similar effect 
with the higher plant oxidase. However, further examination 
Table 1. Effects of inhibitors, pH, buffers and added catalase on excess oxygen 
uptake and carbon dioxide production 
Exp.a Reaction condition Excess oxygen13 Carbon dioxide 
(HI.) (HI.) 
1. Control 
Diethyldithiocarbamate - 5.5 x 
Parachloromercurobenzoate - 5.! 
Azide - 5.5 x 10-3m 
10"% _ 
5 x 10"% 
52 
33 
48 
135 
32 
39 
88 
32 
2. Control 
Ethylenediaminetetraacetic acid - 1.0 x 10"% 
11 
28 
51 
38 
3. Control 
8-OH Qui no line - 2.0 x 10""% 
Urethane - 2.0 x 10"*% 
73 
34 
70 
78 
52 
77 
4. Control _ 
Bathocuproine - 2.0 x 10"% 
97 
79 
60 
42 
5. 0.03 M P04-0.015 M Citrate pH 
0.03 M P04-0.015 M Citrate pH 
0.05 M Tris pH 
4.5 
6.0 
7.2 
18 
33 
48 
4o 
18 
18 
6. Control 
0.01 mg. Catalase 
97 
97 
102 
61 
7. Control 
0.2 mg. Catalase 
96 
108 
53 
80 
aStandard assay conditions except where other buffers are specified. 
The excess oxygen uptake was calculated on the basis of the difference 
between the observed oxygen consumption and the oxygen uptake expected from one-
half mole of consumption per mole of ascorbic acid. 
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Table 2. Comparison of the oxygen excess, carbon dioxide 
production and speed of the reaction in systems 
with variation in the concentration of enzyme and 
substrate 
Exp.a Ascorbic 
acid 
(Moles) 
Enzyme 
extract 
(ml. ) 
co2 
(PI.) 
„ b Excess 02 
(HI.) 
90$° 
Time 
(min.) 
1. 5 0.8 0 0 15 
10 0.8 41 43 20 
20 0.8 80 97 50 
2. 10 0.8 23 50 25 
20 0.8 76 79 45 
40 0.8 111 136 80 
3. 20 0.8 85 92 50 
80 0.8 142 200 105 
4. 20 0.8 96 115 4o 
20 0.6 96 105 70 
20 0.4 86 100 95 
20 0.2 6 15 165 
^Standard assay conditions except for specified varia­
tion in the amounts of enzyme and substrate. 
13The excess oxygen uptake was calculated on the basis 
of the difference between the observed oxygen consumption 
and the oxygen uptake expected from one-half mole of oxygen 
consumption per mole of ascorbic acid. 
cThe 90$ time is minutes required for 90$ of the total 
oxygen uptake. 
of the data obtained with fungal extracts showed that lowering 
the amount of added extract while maintaining a constant level 
of substrate also demonstrated declining trends in the oxygen 
excess and carbon dioxide production. The data also showed 
that the excess oxygen uptake and carbon dioxide evolution 
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were at a minimum in the fastest and slowest reaction systems. 
Thus, it was concluded that the deviation from expected 
stoichiometry and carbon dioxide production were minimized in 
reaction mixtures containing the least substrate or the least 
enzyme extract. 
The question of the time factor involvement in the excess 
oxygen uptake and carbon dioxide production reactions was 
examined further by carrying out the reactions in oxygen. 
Reaction mixtures containing the standard assay components 
but a gas phase of oxygen instead of air showed a marked 
increase in the initial rates of oxygen uptake and a shortened 
90$ completion time. Typical values obtained in these experi­
ments are presented in Table 3. It appeared that the short­
ened completion time in oxygen did not alter the excess oxygen 
uptake and carbon dioxide reactions. Therefore, it was con­
cluded that the observed conformity to expected stoichiometry 
demonstrated with low levels of substrate in the previous 
series of experiments was not due to short reaction times. 
A reaction time factor was also observed in some of the 
carbon dioxide production data. Roughly one-fourth of the 
reaction mixtures assayed exhibited a ten to twenty minute 
time lapse after the initiation of the oxidation reaction 
before the start of carbon dioxide production. Further 
analysis of the carbon dioxide data from 25 extracts demon­
strated a maximum production rate of 50 Pl./hr. The maximum 
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Table 3. The effect of 
sumption and i 
oxygen tension 
carbon dioxide 
on excess 
evolution 
oxygen con-
Exp.a Condition Og Excess^ 
(HI.) 
co2  
0>1.) 
Initial rate0 
Og uptake 
0*1./hr.) 
90% d 
Completion 
time 
(min.) 
1. °2 31 52 700 10 
air 52 63 400 35 
2. °2 66 68 800 10 
air 63 64 450 40 
3. °2 150 154 900 10 
air 96 53 600 30 
aStandard assay conditions. 
13The excess oxygen uptake was calculated on the basis of 
the difference between the observed oxygen consumption and 
the oxygen uptake expected from one-half mole of oxygen 
consumption per mole of ascorbic acid. 
°The initial rate is the linear phase of oxygen uptake 
occurring immediately after the reaction is initiated. This 
is the maximum rate observed. 
dThe 90$ time is minutes required for 90$ of the total 
oxygen uptake. 
rate was observed in the initial stages of the reaction and 
characteristically the curves leveled off to a very low rate 
or the gas evolution ceased altogether in the final stages. 
Representative curves of the oxygen uptake and carbon dioxide 
evolution from assay systems carried out in oxygen and air are 
presented in Figure 1. The plots representing carbon dioxide 
Figure 1. Comparison of the activity of ascorbic acid 
oxidase from fungal extracts in air and oxygen. 
Standard reaction conditions. Theoretical 
oxygen uptake based on one-half mole of oxygen 
per mole of ascorbic acid 
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production curves. A correlation analysis of the observations 
gave a coefficient of r = 0.399 (significant at the 95$ level) 
between the maximum rate of carbon dioxide production and the 
initial rate of oxygen uptake. This suggested that an in­
creased initial rate of oxygen uptake was accompanied by an 
increase in the maximum rate of carbon dioxide production. 
B. Other Enzymes Present in the Fungal Extracts 
1. Catalase 
Studies reported in the previous section had shown that 
azide promoted excess oxygen consumption which suggested that 
blocking catalase activity by this inhibitor might be respon­
sible for the observed increase. If peroxide had been a 
primary product of the ascorbic acid oxidation, then catalase 
would have diminished the observed oxygen uptake by return of 
oxygen to the gas phase through degradation of the peroxide 
catalatically. The possibility that catalase might have been 
related to the ascorbic acid oxidation stoichiometry served 
as impetus in characterizing the catalase activity of the 
fungal extracts. This activity and the azide effects were 
measured manometrically and data from typical experiments are 
presented in Table 4. Although the data presented yielded an 
approximation of the magnitude of catalase activity, the 
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l'a.ble 4. k&sây of uavalase auLiviLy in fungal extracts and 
its inhibition by azide 
Exp.a Conditions Initial rate 
02 evolution 
(Hl./hr. ) 
02 Evolved 
in 60 min. 
(HI.) 
1. Control 360 164 
.001M Azide 0 7 
Boiled enzyme 0 5 
2. Control 400 193 
.002M Azide 0 8 
3. Control 280 150 
.003M Azide 0 7 
4. Control 350 166 
.004M Azide 0 8 
aFlasks contained 0.8 m. extract, 0.015M acetate buffer 
pH 4.5 and 20 Moles H202 (224 Hl.). 
hydrogen peroxide levels used appeared to rapidly inactivate 
the catalatic activity. The catalase was generally completely 
inactivated within 30 minutes after initiation of the assay 
and in all the extracts tested no activity was observed after 
60 minutes even though only a fraction of the peroxide had 
been degraded. This observation was considered further be­
cause if the catalase was being inactivated in standard assay 
systems during the course of the ascorbic acid oxidation by 
peroxide accumulation it could have been responsible for the 
deviation from expected stoichiometry. However, it was shown 
that following the oxidation reaction in 10 standard assay 
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systems the catalase activity was not significantly inhibited. 
Therefore, it was concluded that the catalase activity of the 
extracts was not inactivated during the oxidation and no 
peroxide accumulated. 
The azide results presented in the table showed that 
O.OOIM azide inhibited the heat-labile catalase of the dia­
lyzed fungal extracts. Although O.OOIM azide was sufficient, 
0.004M was used routinely and in 15 extracts this level com­
pletely poisoned the catalase activity. At these levels of 
azide the ascorbic acid oxidase did not appear to be inhibited. 
In fact, the mean initial rate of oxygen uptake was increased 
in reactions carried out with azide. In 15 extracts with 
azide the average initial rate of oxygen uptake was 528 
Hl./hr. while that with no azide from 42 extracts was 323 
l&l./hr. These values are significantly different at the 95$ 
level. The average excess oxygen uptake with azide was 115 
Ul. which was significantly different than the 69 V>1. without 
azide. The carbon dioxide production in azide-blocked reac­
tion mixtures was not significantly different from that in 
standard assay systems. Thus, it was concluded that the 
presence of azide in amounts necessary to block the catalase 
of reaction mixtures increased the initial rate of ascorbic 
acid oxidation and excess oxygen uptake but no effect was 
observed on carbon dioxide production. It was recognized that 
azide blocking of catalase appeared to increase the rate of 
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ascorbic acid oxidation. However, the apparent increase could 
have occurred through masking of a large catalase effect and 
a slight inhibition of the ascorbic acid oxidase. Therefore, 
it was felt that the increase in the rate of oxygen uptake 
in azide-blocked systems might not have been a direct measure 
of the actual effect on the ascorbic acid oxidase. 
Experiments were also carried out to examine the effects 
of oxygen tension on the azide-blocked systems. Typical 
observations from these studies are presented in Figure 2. 
It seemed that the oxygen tension effect was more pronounced 
on initial rates of oxygen consumption in systems without 
azide than in the reaction mixtures containing azide. 
2. Oxalic acid decarboxylase 
During earlier studies it was discovered that the fungal 
extracts contained an oxalic acid decarboxylase. This enzyme 
was particularly interesting because of the role it. might play 
in carbon dioxide production. Reports in the literature 
(15, 46) concerning the fate of ascorbic acid in biological 
and model systems had shown that cleavage occurred between 
C-2 and C-3 of the ascorbic acid molecule yielding oxalic acid 
and threonic acid. A cleavage of this type in the presence of 
oxalic acid decarboxylase of the extracts would produce carbon 
dioxide. Preliminary studies of the enzyme were carried out 
on several extracts. It was observed that the catalyst was a 
Figure 2. Effect of azide and oxygen tension on the 
ascorbic acid oxidase reaction. Standard 
reaction conditions with modifications as 
specified 
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heat sensitive, non-dialyzable enyzme with an optimum in the 
pH 4.0 region. Addition of 1.0 ml. of standard extract to 
manometric systems containing 20 P-moles of oxalate yielded 
initial rates of carbon dioxide production of 200 Ul./hr. to 
350 P>l./hr. Furthermore, it was found that the total gas 
evolution satisfied the stoichiometry of one mole of carbon 
dioxide produced per mole of oxalic acid degraded. Inhibitor 
studies demonstrated that the enzyme activity was completely 
blocked by 0.004M iodoacetate and by 0.02M quinone. 
3. Phenolase, cytochrome oxidase and glutathione reductase 
Although White had reported (109) that no phenolase 
activity was present in the Myrothecium extracts, confirmation 
was considered worthwhile because a phenolase system could 
lead to anomalous stoichiometry if the quinone oxidized 
reductants other than ascorbic acid. Assay systems containing 
5 to 20 Pinoles of protocatechuic acid, catechol,hydroquinone 
or 2,4-dichlorophenol did not consume oxygen in the presence 
of the extract nor was any effect observed when these compounds 
were present in assay flasks undergoing enzymatically cata­
lyzed oxidation of ascorbic acid. 
Addition of 5 P-moles of reduced cytochrome c to the 
fungal extracts did not result in oxygen uptake. Therefore, 
it was concluded that no cytochrome oxidase was functional in 
the extracts. Furthermore, added glutathione was not oxidized 
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by the extracts nor did i ts presence in ascoruie acid oxida­
tion systems catalyzed by the fungal extracts cause a change 
in the gas exchange measurements. Either one of these two 
systems could also affect the stoichiometric observations if 
the oxidized product reacted with other reductants. 
4. Peroxidase 
Hilton (37) had reported the presence of a peroxidase 
in the Myrothecium extracts. The possibility that this 
catalyst might be involved in reactions affecting the observed 
deviations in gas stoichiometry prompted a closer examination. 
Three tests for peroxidase described by Maehly and Chance (61) 
involving peroxidation of pyrogallol, guaicol and cytochrome c 
were carried out. A commercial sample of purified horseradish 
peroxidase was used as a method control. The data from 
representative experiments are presented in Table 5. The 
three substrates gave positive results with the horseradish 
peroxidase but the fungal extracts oxidized only pyrogallol. 
It appeared that 0.002M azide had very little effect on the 
peroxidative activity of the fungal extracts but this level 
of inhibitor blocked horseradish peroxidase activity. Fur­
thermore, the peroxidase activity of the extracts was quite 
heat-labile compared to the ascorbic acid oxidase activity. 
No pyrogallol peroxidation was observed in extracts treated 
at 50°0. for 3 minutes or after ethanol or Mn012-protamine 
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Table 5. Tests for peroxidase in the Myrothecium extrada 
Exp.a Condition Change in 
optical density 
(initial 3 min.) 
1. 2.0 Hg. HHP - Pyrogallol 0.440 
2.0 P-g. HHP - Pyrogallol - 0.002M azide 0.012 
0.5 ml. extract - Pyrogallol 0.112 
0.5 ml. extract - Pyrogallol - 0.002M 
azide 0.110 
0.5 ml. boiled extract - Pyrogallol 0.025 
2. 0.5 P-g. HHP - Pyrogallol 0.087 
0.3 ml. extract - Pyrogallol 0.083 
0.5 tfg. HRP - 0.6 x 10-3M Guaicol 0.605 
0.5 ml. extract - 0.6 x 10-3 Guaicol 0.028 
0.5 Ug. HRP - 2.0 x 10-5m reduced Cyt. c 0.110 
0.5 ml. extract - 0.4 x 10-3m Cyt. c 0.010 
aThe Beckman cuvettes contained 0.002M PO^-Citrate buffer 
pH 6.0, 9 x 10HgOg, the additions as specified and made up 
to a final volume of 3.0 ml. with HgO. The pyrogallol test 
was carried out with 0.4 x lO-^M pyrogallol and theoretical 
density was measured at 380 mU. The optical density of the 
guaicol test was measured at 470 ml& and the reduced cytochrome 
c at 570 mP. HRP is purified commercial horseradish peroxi­
dase. The changes in optical density were measured with a 
Beckman DU spectrophotometer at 30*0. 
sulfate precipitations. However, as reported elsewhere in 
this thesis the MnClg-protamine sulfate treatment did not 
inhibit the rate of oxygen uptake nor did it significantly 
change the excess oxygen consumption and carbon dioxide 
evolution. It was concluded that the fungal peroxidase 
activity was somewhat different than the reactions of commer­
cial horseradish peroxidase. The fungal catalyst peroxidized 
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pyrogallol but not guaicol or cytochrome c while the commer­
cial peroxidase utilized all three compounds as substrates. 
Furthermore, the horseradish peroxidase was inhibited by azide 
while the peroxidative function of the fungal extracts 
appeared to be azide insensitive. 
5. Enzymes catalyzing the decarboxylation of oxidized ascor­
bic acid 
Reports from several laboratories (43, 51) have impli­
cated enzymes in the catabolism of oxidized ascorbic acid in 
various biological systems. These reports prompted a search 
for similar catalysts in the Myrothecium extracts. Dehydro-
ascorbic acid utilized in these tests was prepared through 
bromine oxidation of L-ascorbic acid or was procured from a 
commercial source. Diketogulonlc acid was obtained by 
essentially the methods of Penney and Zilva (77) with the 
modifications of Ourtin and King (15). Roe and Keuther assays 
were made on the oxidized ascorbic acid samples to determine 
the concentrations. The K and Ba salts were treated on a 
cation column to remove ions that might interfere with an 
enzymatic process. The data from these observations are 
presented in Table 6. It appeared that there was no signifi­
cant enzymatic decarboxylation of the oxidized ascorbic acid. 
The Ba salt of diketogulonlc acid seemed to be quite unstable 
under the assay conditions employed. However, when the salt 
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Table 6. Assay of the fungal extracts for enzymes uti l/«.ly a j. Ha 
the decarboxylation of oxidized ascorbic acid 
Exp. Substrate Fungal 0 2 uptake C°2 
extract evolution 
(ml. ) (P»l. in (Ul. in 
2 hr. ) 2 hr. ) 
i.a Dehydroascorbic acid 
Bromine oxidized 0.8 11 25 
Bromine oxidized 0.0 5 4l 
Nutritional Biochem. 0.8 13 10 
Nutritional Biochem. 0.0 8 15 
Diketogulonlc acid 
K-salt 0.8 12 13 
K-salt 0.0 7 36 
K-salt with D-50 
treatment 0.8 6 13 
Ba-salt 0.8 0 80 
Ba-salt with D-50 
treatment 0.8 0 10 
Ca-salt 0.8 12 13 
2 . b  Dehydroascorbic acid 
49 Bromine oxidized 0.8 17 
Bromine oxidized 0.0 9 29 
Diketogulonlc acid 
K-salt 0.8 22 65 
K-salt 0.0 30 61 
aReaction mixtures contained 0.015M acetate buffer pH 
4.5 and 20 Pmoles of substrate. 
^Reaction mixtures contained 0.03M PO4-O.OI5M citrate 
pH 6.0 and 20 Immoles of substrate. 
was treated on an ion exchange resin the decomposition was 
curtailed indicating that the degradation was due to ions in 
the system rather than enzymes of the fungal extract. 
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6. Attempted separation of ascorbic acid oxidase, catalase 
and oxalic acid decarboxylase 
Since catalase and oxalic decarboxylase also were present 
in the fungal extracts and might have affected the oxidation 
or breakdown of ascorbic acid, attempts were made to separate 
them from the oxidase. The removal of catalase appeared to be 
particularly important because of the possible action of cata­
lase in modifying gas exchange. 
The purification technique described in the methods 
section, involving MnOlg precipitation, protamine sulfate 
treatment and pH adjustment, was employed in an attempt to 
fractionate the enzymes of interest. The supernatant from 
this procedure was assayed for ascorbic acid oxidase activity 
spectrophotometrically and for protein with the Polin-phenol 
reagent (60). The results with this technique are presented 
in Table 7. The procedure yielded a three-fold purification 
with removal of the nucleic acids and about 70$ of the protein 
of the original fungal extract. However, manometric assays 
of the partially purified extract demonstrated no separation 
of the three catalysts by this method. Comparisons of activ­
ity before and after treatment are presented in Figure 3. 
Averaging the data from 13 experiments on the purified 
extracts by the standard assay system gave excess oxygen 
consumption of 36 Ul. and carbon dioxide evolution of 39 Ul. 
and an initial rate of oxygen uptake of 332 Pl./hr. The 
Table 7» Fractionation of the fungal extract by MnClg precipitation, protamine 
sulfate treatment and pH adjustment 
Material Vol. 
(ml. ) 
Activity0 
(units/ml. ) 
Total 
units 
Protein 
(mg./ml.) 
Purity 
(units/mg.) 
Yield 
% 
Purifi­
cation 
Crude extract 100 25.3 2530 3.72 6.8 100 1 
Purified extract 105 20.3 2125 1.06 19.1 84 3 
One unit of activity was the amount of enzyme necessary to change the 
optical density 0.10 units/3 min. The assays were made by following the reaction 
at 260 mil and 30°C. with a Beckman DU spectrophotometer. The test cuvettes con­
tained 0.05 ml. 0.005M ascorbic acid pH 6.0, 0.1 ml. PO^-Citrate buffer pH 6.0, 
enzyme and H20 to a final volume of 3.0 ml. 
Figure 3. Comparison of ascorbic acid oxidase, catalase, 
and oxalic acid decarboxylase activities in 
crude and purified extracts. Standard reaction 
conditions were used except as specified. 
Reaction mixtures represented by curves (1), 
(2) (oxalic decarboxylase) contained 20 Ùmoles 
of oxalic acid instead of ascorbic acid and 
0.015M acetate buffer pH 4.0. Reaction mix­
tures represented by curves (5), (6) (catalase) 
contained 20 Pmoles of HgOg instead of ascorbic 
acid. Curves (1), (3), (5), (7) contained crude 
extract while curves (2), (4), (6), (8) con­
tained partially purified extract 
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values for excess oxygen consumption and carbon dioxide 
production were significantly lower at the 95% level, then 
the mean oxygen excess of 69 tfl. and carbon dioxide of 60 PI. 
observed in the standard assays of untreated fungal extracts 
reported in Section IV-A. However, the initial rate of 
oxygen uptake was not significantly different from the 323 
Pl./hr. mean observed in untreated systems. 
These experiments demonstrated that the purification 
technique employed did not achieve the desired separation of 
catalase, oxalic acid decarboxylase and ascorbic acid oxidase. 
Furthermore, the three fold purification of the ascorbic acid 
oxidase which removed the nucleic acids and about 70% of the 
proteins from the extracts did not block the excess oxygen 
consumption or carbon dioxide production. However, the 
deviation from expected oxygen consumption and the carbon 
dioxide evolution were significantly decreased in the purified 
extracts with no lowering of the ascorbic acid oxidase 
activity. 
Separation of the three enzymes of the crude fungal 
extracts was also attempted through differential heat denatu-
ration. Preliminary investigations revealed that ?0°C. was 
a critical temperature for the ascorbic acid oxidase of the 
extracts. Crude extracts were heated in a 70°C. bath for 
1, 2, 3, and 5 minutes followed by immersion in an ice bath. 
Figures 4, 5, and 6 present the observed effects of the heat 
Figure 4. Effect of 70*0. treatment on ascorbic acid 
oxidase activity. Standard reaction conditions 
were used. 
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treatment on the three catalysts being investigated. It was 
apparent that the ascorbic acid oxidase was the most sensitive 
to the heat treatment and in effect this invalidated the 
procedure as an effective tool because the separation of 
oxalic decarboxylase and catalase from an active ascorbic acid 
oxidase was desired. 
C. Mechanism of Action of Ascorbic Acid 
Oxidase From Myrothecium 
1. Introduction to the problem 
The preliminary work described in the previous sections 
of this thesis had established an excess oxygen consumption 
and carbon dioxide evolution in the ascorbic acid oxidation 
catalyzed by the fungal extracts. Various enzymes present in 
the extracts that might conceivably have been related to the 
deviations in manometric stoichiometry were partially charac­
terized. Some of these catalysts were dismissed as con­
tributors to the gas exchange anomalies while others were 
studied further and will be considered in this section. The 
increased excess oxygen consumption in the presence of azide 
prompted an examination of the effect of endogenous catalase 
on the overall stoichiometry. Since catalase-free prepara­
tions of ascorbic acid oxidase could not be prepared, studies 
on the catalase effect were carried out with levels of azide 
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found to inhibit the catalase without decreasing the ascorbic 
acid oxidase activity. The results from azide-blocked 
extracts are somewhat uncertain because it is difficult to 
separate the effect of azide on catalase from the effects on 
the ascorbic acid oxidase or other possible catalysts that 
might be involved. It is assumed that the only significant 
azide effect would be the removal of catalase activity. This 
assumption must be considered in evaluation of the data from 
azide-blocked systems in the previous sections and in this 
one as well. 
Although data from the previous sections suggested that 
there was no direct enzymatic decarboxylation of the oxidized 
ascorbic acid molecule, the carbon dioxide production appeared 
to accompany the excess oxygen consumption. In this section 
the problem of the origin of the carbon dioxide and the 
products of degradation is studied in greater detail. Fur­
thermore, the question of the mechanism of action of the 
ascorbic acid oxidase particularly as this might relate to 
the excess oxygen consumption and carbon dioxide evolution is 
considered. 
2. Rate of disappearance of reduced ascorbic acid and 
appearance of oxidized ascorbic acid 
The indophenol technique was used to determine the rate 
of reduced ascorbic acid disappearance in the standard 
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reaction systems and the Roe and Keuther procedure was employed 
to measure oxidized ascorbic acid. These analytical tools 
were applied to systems also assayed by gas exchange measure­
ments. Representative reaction curves from an experiment 
using the indophenol technique are presented in Figure 7 while 
curves using the Roe and Keuther technique are presented in 
Figure 8. A typical set of curves from an experiment in which 
both were applied to the same experimental material are 
presented in Figure 9. The oxygen uptake and carbon dioxide 
evolution data obtained from the tests are also presented for 
comparative purposes. 
A striking feature of experiments carried out with the 
indophenol and Roe and Keuther methods was the observation 
that the oxygen uptake, reduced ascorbic acid disappearance 
and oxidized ascorbic acid curves leveled off at approximately 
the same time. These experiments demonstrated that the 
disappearance of reduced ascorbic acid, appearance of the 
oxidized ascorbic acid and the oxygen uptake were closely 
related at least in time. Furthermore, no oxygen consumption 
was detected following the disappearance of the reduced 
ascorbic acid. Another interesting observation was the 
apparent loss in the amount of oxidized ascorbic acid present 
in the reaction mixtures at the termination of the reaction. 
However, there was no further loss in oxidized ascorbic acid 
following cessation of oxygen uptake. Therefore, it was 
Figure 7. Comparison of rates of oxygen uptake, carbon 
dioxide evolution and disappearance of 
ascorbic acid. Standard assay conditions 
were used except 1.0 ml. of extract and 25 
V-moles of ascorbic acid were employed. The 
ascorbic acid measurements were made by 
incremental removal of the reaction flasks, 
proper dilution of the reaction material and 
assay. Theoretical oxygen was based on one-
half mole of oxygen per mole of ascorbic acid 
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concluded that the loss occurred during the course of the 
ascorbic acid oxidation reaction. 
The representative curves indicate the variability 
observed in the initial rates of the process. In some of the 
experiments the disappearance of reduced ascorbic acid and 
appearance of oxidized ascorbic acid closely paralleled the 
oxygen uptake curve during the initial phase of the reaction 
as shown in Figures 7 and 8 while in others there was an 
early deviation as represented by the curves of Figure 9- It 
was concluded that the variability in the initial rates made 
it impossible to generalize on the nature of the rate rela­
tionships between oxygen uptake, disappearance of reduced 
ascorbic acid and appearance of oxidized ascorbic acid. 
3. Relationship between the amount of oxygen uptake, carbon 
dioxide evolution and loss of oxidized ascorbic acid 
Observations from the experiments presented in the 
previous section indicated that the amount of oxidized 
ascorbic acid found in reaction mixtures in which the reduced 
ascorbic acid had disappeared and the oxygen uptake terminated 
was less than expected. A number of experiments were run in 
which the oxidized ascorbic acid present following completion 
of the ascorbic acid oxidation was measured by the Roe and 
Keuther method. The data from these experiments are presented 
in Table 8. Examination of the data showed that amounts of 
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Table 8. Determination of oxidized ascorbic acid from 
reaction mixtures in which the oxygen uptake had 
terminated 
b Oxidized ascorbic acid 
Experiment8- Excess 02 COp Found % of theory® 
(HI.)  (P»l. ) (Hmoles) 
1. 207 114 16.4 82 
2. 29 48 18.1 90 
66 48 17.6 88 
60 43 17.6 88 
3. 146 107 17.4 87 
4. 113 42 18.1 90 
74 78 17.4 87 
5. 61 57 18.7 94 
6. 61 74 18.6 93 
7. 59 85 18.7 
84 39 77 16.8 
8. 77 78 18.2 91 
66 51 18.1 90 
84 48 18.7 94 
9. 63 30 18.7 94 
96 82 18.6 93 
89 71 18.4 92 
86 76 18.2 91 
71 58 19.0 95 
^Standard assay conditions. 
bThe excess oxygen was calculated on the basis of the 
difference between observed oxygen uptake and the value of 
oxygen calculated from one-half mole of oxygen per mole of 
ascorbic acid. 
®Expected equals 20.0 Pinoles of oxidized ascorbic acid. 
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Table 6 (uontinueà). 
Oxidized ascorbic acid 
Experiment3- Excess 02 co2 Pound % of theory0 
(91.) (»1É) (P-moles) 
10. 79 76 19.0 95 
66 49 18.2 91 
59 63 17.6 88 
40 61 16.2 81 
54 54 17.4 87 
11. 80 27 16.2 81 
80 46 18.6 93 
12. 39 68 14.2 71 
36 77 14.2 71 
13. 42 78 15.0 75 
14. ' 122 94 16.0 80 
64 93 14.8 74 
oxidized ascorbic acid were variable but all were lower than 
the amount expected. The mean quantity of oxidized ascorbic 
acid observed in the 14 experiments was 17.6 Pinoles which was 
significantly different at the 95% level from the 20 P-moles 
expected if no loss had occurred. The 95% confidence interval 
was 17.2 to 18.1 tfmoles. Therefore, it was concluded that 
approximately 10$ of the oxidized ascorbic acid disappeared 
during the course of an average reaction. 
Ten percent loss of the oxidized ascorbic acid from 
standard reaction mixtures represented 2 Pmoles of oxidized 
ascorbic acid unaccounted for by the Roe and Keuther assay. 
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If removal of a single carbon atom as carbon dioxide from the 
oxidized ascorbic acid molecule was responsible for the 2 
P-mole loss of dehydroascorbic or diketogulonic acid, then the 
assay systems should produce 45 PI. of carbon dioxide. Two 
Pmoles of carbon dioxide from each Pmole of oxidized ascorbic 
acid unaccounted for would yield 90 PI. gas evolution. As 
reported in Section IV-A, the mean carbon dioxide production 
from standard system assays of 42 extracts was 60 PI. This 
indicated carbon dioxide production in excess of that expected 
from a single decarboxylation when a comparison was made 
between the manometric results and the amount calculated from 
the lost oxidized ascorbic acid. These two variables had a 
correlation coefficient of r = -0.381 which was significant 
at the 95% level. The negative correlation implied that the 
value for carbon dioxide increased when the value for the 
amount of oxidized ascorbic acid decreased. 
A comparison was made between the percentage of oxidized 
ascorbic acid found in standard systems with reactions carried 
out in oxygen and in reaction mixtures containing azide. The 
mean oxidized ascorbic acid from the 14 experiments with 
standard systems is also presented for comparative purposes. 
The data from these experiments are summarized in Table 9. 
It was concluded that the reactions carried out in oxygen lost 
no more oxidized ascorbic acid than the standard systems in 
air. This suggested that the shorter reaction time and 
7 6  
Tabls 9. Comparison, of losses of oxidized ascorbic acid from 
standard reaction systems and those carried out in 
oxygen or with added azide 
Reaction 
condition* 
Standard-air 
Standard-Og 
Standard-air + 0.004M azide 
Mean oxidized ascorbic acid 
Found Theory % of theory 
(Pmoles) (Pmoles) 
17.6 20.0 88 
17.8 20.0 89 
11.6* 20.0 58 
Standard assay conditions. Standard-air was the mean 
of the 31 observations from 14 experiments presented in Table 
8. Oxygen mean was obtained from 18 observations on 5 
extracts and azide mean was from 5 observations on 3 extracts. 
•Significantly different from the standard-air mean at 
the 95% level. 
increased initial rate of oxygen uptake observed in oxygen 
(Section IV-A, Table 3) did not affect the loss. However, 
the azide-blocked extracts did show a significantly greater 
loss than the standard reaction mixtures without azide. 
Experiments were carried out in which the amount of 
substrate was varied. These tests were designed to demon­
strate any variation in the percentage loss of oxidized 
ascorbic acid that might be due to varying levels of the sub­
strate. The mean of the standard assay systems is also 
presented for comparative purposes. The results from these 
tests are presented in Table 10. The data showed a striking 
uniformity in the percentage of oxidized ascorbic acid lost 
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Table 10. Comparison of losses ox oxidized ascorbic acid 
from standard systems containing varying amounts 
of substrate 
Mean oxidized ascorbic acid 
Reaction Found Theory # of theory 
condition3' (P-moles) (p-moles) 
Standard 17.6 20.0 88 
10 Umvles ascorbic acid 8.6 10.0 86 
40 Pmoles ascorbic acid 32.2 4o.O 81 
80 P-moles ascorbic acid 65.0 80.0 81 
Standard assay condition except for specified variation 
in substrate. All reactions were carried out in air. The 
standard mean was taken from 31 observations of 14 experi­
ments presented in Table 8. The means from varying substrates 
were from 2 observations on 2 extracts. 
in reaction mixtures containing various levels of substrate. 
Therefore, it was concluded that the amount of substrate had 
no effect on the fraction of oxidized ascorbic acid unac­
counted for. 
The question of the factors affecting disappearance of 
the oxidized ascorbic acid was examined further by carrying 
out the ascorbic acid oxidation in the presence of added 
oxidized ascorbic acid. The data from representative experi- ' ' 
ments of this type are presented in Table 11. Addition of 20 
P-moles of dehydroascorbic acid to the standard reaction mix­
tures containing the fungal extract and 20 P-moles of reduced 
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Table 11. Comparison of the percentage loss of oxidized 
ascorbic acid from standard assay systems with and 
without added oxidized ascorbic acid 
Exp. Reaction 
condition8. 
Excess 
°2 
(PI.) 
o
 
o
 
ro
 
Oxidized ascorbic acid 
(PI.) 
Pound 
(Pmoles) 
Theory 
(Pinoles) 
% of 
theory 
1. Standard 55 85 18.8 20 94 
Standard + % 
20 Pmoles DHA 39 77 35.2 40 88 
2. Standard 50 60 17.2 20 86 
Standard + 
20 Pmoles DHA 43 58 34.2 40 86 
^Standard assay conditions except for specified addition 
of DHA. 
^The dehydroascorbic acid (DHA) was obtained by bromine 
oxidation. 
ascorbic acid did not increase the excess oxygen consumption, 
carbon dioxide evolution or the percentage loss of oxidized 
ascorbic acid. 
4. Radiochemical experiments on the origin of carbon dioxide 
produced during ascorbic acid oxidation 
The Roe and Keuther measurements had demonstrated that a 
portion of the oxidized ascorbic acid was disappearing during 
the course of the enzymatic oxidation of ascorbic acid and it 
appeared the loss might be related to the observed carbon 
79 
dioxide was Investigated by experiments with ascorbic aoid-I-
C-l4. The total carbon dioxide production was measured 
manometrically on the same reaction systems which were assayed 
for decarboxylation of 0-1 by radioisotope techniques. The 
data from these experiments are presented In Table 12. These 
tests proved that part of the carbon dioxide production was 
a result of decarboxylation of the ascorbic acid molecule. 
However, the data indicated that 2.2 times as much carbon 
dioxide was produced as expected if only 0-1 had been decar-
boxylated. The average amount of C-l-labeled carbon dioxide 
presented In the table showed that 6.4$ of the 0-1 carbons 
were decarboxylated. These experiments did not elucidate the 
source of the non-labeled carbon dioxide. 
5. Ohromatographic examination of reaction products 
The experiments presented in the previous section 
demonstrated that there was a loss of oxidized ascorbic acid 
and carbon dioxide production during the oxidation of ascorbic 
acid. These observations raised the question of the fate of 
the remainder of the ascorbic acid molecule. This problem was 
examined chromatographically by testing the reaction mixtures 
of standard assay systems for breakdown products. 
Reaction mixtures in this study contained 14.1 mg. of 
reduced ascorbic acid initially. Following completion of the 
oxygen uptake reaction, the flask contents were deproteinized 
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Table 12. Tests for the origin of carbon dioxide using 
ascorbic acid-l-C-14 
a 
co2 (ui.)b 
Exp. Total Total 
0-1 
1. 22.5 55.2 2.45 
18.7 63.3 3.38 
2. 32.2 74.3 2.30 
40.0 73.5 1.84 
3 . 27.3 55.4 2.03 
30.6 57.6 1.88 
Average 28.6 63.2 2.21 
^Standard reaction conditions except that a portion of 
the substrate was ascorbic acid-1-0-14. 
bThe C02 from labeled 0-1 was determined by radioactive 
measurement of the 002 trapped in the center well alkali 
while the total C02 was measured manometrically. 
by acidification and clarified by centrifugation. In the 
first set of tests the reaction mixtures were examined for 
the presence of dehydroascorbic and diketogulonic acids by 
addition of 20 to 100 PI. of the reaction material to the 
paper chromâtograms. The results of these tests are presented 
in Table 13. These experiments showed that dehydroascorbic 
and diketogulonic acids were present in the reaction mixtures 
while reduced ascorbic acid could not be detected. 
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Table 13. Chromatographic detection of dehydroascorbic and 
diketogulonic acids in the reaction mixtures 
Known compounds Butanol 4 
Acetate 1 
HgO 5 
- Rf 
Solvent 
Butanol 4 
Acetate 1 
H20 2 
Rf 
L-Ascorbic acid** 0. 36-0. 38 0. 1 o
 
48 
Dehydroascorbic acid0 0. 49-0. 52 0. 
0
 1 
it 
50 
2,3-Diketogulonlc acid** 0. 10-0. 14 0. 
O
 1 
£
 20 
Reaction mixture® 
Dehydroascorbic acid 0. 48-0. 52 0. 
o
 1 
s
 50 
2,3-Diketogulonic acid 0. 10-0. 15 0. 
0
 1 
5
 20 
Chromatographic technique involved ascending develop­
ment on Whatman No. 1 paper followed by steaming for 10 
minutes to remove volatile acids. 
bL-Ascorbic acid detected by spraying with 0.001N 
2,6-dichlorophenol-indophenol. 
^Dehydroascorbic acid detected by spraying with 0.01M 
alkaline AgNO^ and the pH indicator bromcresol green (0.04 
g./lOO ml.). 
^The 2,3-diketogulonic acid standard was prepared by a 
modification of the Penney and Zilva technique and detected 
by spraying with 0.01M alkaline AgHO^ and the pH indicator 
bromcresol green (0.04 g./lOO ml.). 
^Detection spraying involved utilization of the three 
sprays described in b, c and d. 
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Examination of the reaction mixtures for breakdown prod­
ucts also involved reaction mixtures which originally contained 
14.1 mg. of reduced ascorbic acid. In these experiments reac­
tion mixtures that had completed oxygen uptake were depro-
teinized and clarified by centrifugation followed by concen­
tration of the supernatant under vacuum to one-half ml. The 
addition of 20 P>1. of the concentrated material to the chroma-
tograms provided 10 Pg. per spot of a particular compound if 
0.25 mg. had been present in the reaction mixture. Tests with 
known compounds that were considered possible breakdown 
products demonstrated that 10 Pg. per spot of a given compound 
was detectable with the methods employed. If 10$ of the 
ascorbic acid present in the reaction mixtures had been 
degraded with a 2 carbon decarboxylation approximately 1.1 
mg. of a product would have been present if the catabolic 
process had produced only a single product. This indicated 
that if as little as one-fourth of the breakdown products 
appeared as a singular four carbon form it would have been 
detected by these methods. These calculations also would 
apply roughly to the five or three carbon compounds that could 
be detected. 
A variety of spray reagents were employed in an effort 
to detect compounds that might have been formed in the 
degradation of ascorbic acid. In addition, known quantities 
of compounds considered possible breakdown products were run 
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in parallel with the réaction flask material to establish the 
sensitivity of the method and the Rf's. The results of these 
experiments are presented in Table 14. None of these com­
pounds was present in the reaction mixtures in amounts large 
enough to be detected by the techniques employed. 
The method described in the previous paragraph involved 
the addition of approximately 1.1 mg. of dehydroascorbic and 
diketogulonic acids remaining in the reaction mixtures to the 
spots of the chromatograms. The relatively huge quantities 
of oxidized ascorbic acid blotted out large segments of the 
chromatograms in some of the critical regions and caused a 
great deal of smearing. A technique was developed for remov­
ing the oxidized ascorbic acid from the reaction mixtures as 
the insoluble osazones of dinitrophenylhydrazine (DNP). The 
technique employed is described in the methods section. 
The DNP posed several procedural problems in that it was 
not clear whether aldonic acids would react with the DNP and 
be removed with the insoluble osazones or whether the oxidized 
ascorbic acid might undergo degradation during the DNP treat­
ment. Furthermore, these reaction mixtures were routinely 
treated with a D-50 cation exchange column to remove cations 
present. This treatment was also considered a source of pos­
sible degradation of oxidized ascorbic acid. Removal of the 
aldonic acid fraction or procedural cleavage of the oxidized 
ascorbic acid of the reaction mixture would lead to an 
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Table 14. Chromatographic search for products of breakdown 
of oxidized ascorbic acid 
Compound Spray 
technique 
Reaction 
mixture 
results 
Reference 
Aldopentose Aniline hydrogen 
phthalate 
negative (7,8) 
Aldohexose 
Pentulose 
Orcinol negative (7,8) 
Aldose 
Uronic acid 
Resorcinol negative (7) 
Tetritol 
Pentitol (sugar 
alcohol) 
KMNO4 negative (8 )  
Reducing sugar 
(tetrose-pentose) 
AgN03 negative (7,8,82) 
o-keto acids Orthophenylenediamine 
Semicarbazide 
negative 
It (57) (8 )  
Reductone 
Reduetic acid 
(enediols) 
Dichlorophenol 
Indophenol 
negative (29) 
Succinic acid 
Tartaric acid 
Tartronic acid 
Malonic acid 
Malic acid 
Maleic acid 
Citric acid 
Glutaric acid 
Glyceric acid 
Glycolic acid 
Pyruvic acid 
Fumaric acid 
o-ketoglutaric 
Lactic acid 
AgNOyBrom Cresol pH negative 
H 
11 
11 
11 
» 
» 
« 
« 
» 
11 
11 
11 
11 
(82) II 
II 
II 
II 
It 
II 
II 
11 
ft 
II 
II 
II 
11 
aPapers developed in butanol:acetaterH^O 4:1:5, ascend 
ing on Whatman No. 1 paper. 
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In which bromine-oxidized ascorbic acid was carried through 
the MP, ion exchange and concentration procedures followed 
by assay chromatographically. These methods were identical 
with those applied to the reaction mixtures. This series of 
experiments demonstrated that the removal of bromine-oxidized 
ascorbic acid by the DNP procedure, D-50 treatment and subse­
quent concentration techniques did not produce detectable 
quantities of compounds that could be identified by the 
chromatographic procedures employed. The stability of bromine-
oxidized ascorbic acid in the various procedures suggested that 
the oxidized ascorbic acid present in the reaction mixtures 
was also stable under the conditions necessary for processing 
prior to chromatographic application. Further analyses of the 
procedure were carried out by testing the stability of the 
aldonic acids, L-arabonic and L-threonic, during the pre-
chromatographic treatment. The results from these studies are 
presented in Table 15. It appeared that there was a proce­
dural loss of the compounds studied of approximately 75%. 
Examination of the chromatograms revealed that the 
resolution of the lactones of the aldonic acids tested was 
better than the same molecules in the free acid form which 
simplified identification of the compound in question. There­
fore, a lactonizing step was routinely administered to the 
material before chromâtographi assay. This involved acidify-
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Table 15. Tests of the chromatographic procedure 
Compounds tested3. Treatment Lactone spot Acid spot 
area (cm.^) area (cm.^) 
40 Pg. L-threonic acid none 1. 1 0. 8 
20 Pg. L-threonic acid none 0. 5 0. 4 
10 Pg. L-threonic acid none 0. 3 0. 2 
40 Pg. L-threonic acid D-50 0. 9 0. 6 
20 Pg. L-threonic acid D-50 0. 4 0, 5 
10 Pg. L-threonic acid D-50 0. 2 0. 4 
40 Pg. L-arabonic acid none 1. 5 0. 5 
20 Pg. L-arabonic acid none 0. 9 0. 4 
10 Pg. L-arabonic acid none 0. 4 0. 2 
12.7 mg ;. Brg oxidized 
ascorbic acid + 125. 
Pg. L-arabonic acid0 DNP, D-50 0. 9 0. 1 
125 Pg. L-arabonic acid DNP, D-50 0. 9 0. 1 
125 Pg. L-arabonic acid 9N HOI, D-50 0. 9 0. 1 
12.7 mg . Bro oxidized 
ascorbic acid + 125 
Pg. L-thronic acid» DNP, D-50 0. 6 0. 6 
125 Pg. L-threonic acid DNP, D-50 0. 6 0. 6 
125 Pg. L-threonic acid 9N HCl, D-50 0. 6 0. 6 
Chromatography was carried out on ascending Whatman No. 
1 paper in butanol .'acetate: water - 4:1:5. The lactones and 
acids were detected by hydroxylamine and pH indicator sprays. 
The weights represented amounts added per spot and assumed no 
procedural loss. The loss was determined by comparison of 
the spot areas for the various treatments. 
13The amounts of Brg oxidized ascorbic acid and aldonic 
acids were designed to approximate the extract conditions. 
cThe treatments consisted of addition to a Dowex-50 
column in the acid form followed by elution with water. The 
DNP procedure is described in the methods section. The 9N 
HCl conditions involved exactly the same procedure as the DNP 
treatment except that no DNP was present. 
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ing the test solution to iti with HCl followed by heating for 
1 hour at 1006C. This step was carried out on the effluent 
from the ion-exchange column and was followed by concentration 
under vacuum. The L-threonic acid and L-threonolactone used 
in these experiments were prepared by the methods described 
by Perel and Dayton (78). These compounds had identical Rf's 
with authentic samples obtained from Dr. P. G. Dayton. The 
L-arabonic was obtained from a commercial source. The 
lactones were prepared by application of the lactonizing 
process to the free acids. 
Because of procedural loss of the aldonic acids, larger 
quantities of starting material were used. Systems Initially 
containing 56.3 mg. reduced ascorbic acid were concentrated 
to a final volume of one-half ml. Twenty PI. of this con­
centrate was then applied to the papers. These experiments 
were concerned chiefly with the detection of aldonic acids and 
their lactones because these were considered the most probable 
breakdown products. However, the chromatograms were routinely 
sprayed with pH indicator sprays and alkaline AgNO^ which 
should have detected any acid or reducing compounds present 
in measurable amounts. The data from these experiments are 
presented in Table 16. 
The butanol:acetate:H20, 4:1:5 solvent had been used by 
Feldheim and Czerney (27) in studies of vitamin C breakdown. 
The butanol:acetate:HgO, 4:1:2 solvent system was described 
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Table 16. Chromatographic detection ox aldonic acids and 
their lactones in the reaction mixtures 
Solvent 
Material added Butanol 2 Butanol 4 Butanol 4 
to chromatogramsa Propionic 1 Acetate 1 Acetate 2 
H20D 1.3 H20° 5 H2Qb 2 
Rf Rf Rf 
Known compounds 
L-lyxonic 0.07-0.10 0.21-0.25 0.29-0.32 
L-xylonic 0.07-0.10 0.21-0.25 0.29-0.32 
L-threonic 0.12-0.15 0.34-0.38 0.38-0.42 
L-arabonic 0.07-0.10 0.23-0.27 0.32-0.35 
Xylononlactone 0.24-0.26 0.38-0.42 0.40-0.43 
Lyxonolactone 0.24-0.26 0.38-0.42 0.40-0.43 
Threonolactone 0.30-0.32 0.57-0.61 0.58-0.61 
Arabonolactone 0.25-0.29 0.41-0.45 0.45-0.49 
Reaction mixture 
pH indicator spray 0.11-0.15 0.33-0.38 0.38-0.43 
Lactone spray 0.29-0.33 0.57-0.61 0.58-0.61 
aPapers sprayed with pH indicators bromcresol green and 
methyl orange (0.04 g./lOO ml.) and the hydroxylamine lactone 
spray. 
^Descending on Whatman No. 1 paper. 
^Ascending on Whatman No. 1 paper. 
by Kagawa (43) and the butanol:propionate:H20 by Heyningen 
(36) in studies on aldonic acid detection. Rf1 s for the 
reference compounds in the experiments described in Table 16 
agreed with the reports in the literature. The L-lyxonic and 
L-xylonic acids used in these experiments were obtained from 
89 
Dr. Or. À. Àshwell. 
The data presented in Table 16 demonstrated that 
L-threonic acid was present in the reaction mixtures. An 
aliquot of 20 PI. yielded spot areas of approximately 1.1 
2 P 
cm. for threonolactone and 1.6 cm. for threonic acid with 
some variation among experiments. However, these values were 
roughly comparable to what would have been expected from 250 
Pg. of threonic acid if the data from Table 15 were considered. 
If it was assumed that 10$ of the oxidized ascorbic acid in 
the reaction mixtures was degraded, as suggested by the Roe 
and Keuther experiments, and the sole product was L-threonic 
acid, then the concentrates of these experiments should con­
tain 8.6 mg./ml. The addition of 20 PI. of this material to 
the chromatograms would have resulted in the addition of 182 
Pg. of threonic acid per spot. A comparison of this value 
with the 250 Pg. expected from area estimates suggested that 
as a rough approximation the observed L-threonic might be the 
sole product of degradation. However, it was recognized that 
smaller amounts of other compounds might not be detected by 
these methods. The reaction mixtures were also tested 
colorimetrlcally for xylulose and trioses by the carbazole 
method described by Dische and Borenfreund (23) and for 
pentoses by Dische's cysteine technique (22). None of these 
compounds were detected in the concentrated reaction mixtures. 
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6. A search for hydrogen peroxide accumulation in systems 
undergoing ascorbic acid oxidation 
Evidence that the ascorbic acid molecule was being 
degraded during the oxidation reaction raised the question of 
what catabolic mechanism might be Involved. It seemed that a 
fruitful approach to the problem might be to consider model 
schemes that would explain the various data concerning 
ascorbic acid oxidation and present possibilities for further 
experimentation. It was recognized that a satisfactory model 
would have to be consistent with the fact that the reaction 
mixtures were consuming oxygen in excess of the one-half mole 
of oxygen per mole of ascorbic acid and that carbon dioxide 
was generated during the reaction. Furthermore, the scheme 
would have to explain the observed increase in oxygen con­
sumption in the presence of azide. 
A promising model for the action of the ascorbic acid 
oxidase was found in literature reports pertaining to the 
activity of horseradish peroxidase on dlhydroxyfumarate (100) 
and a turnip peroxidase on triose reductone (111). In both 
these instances the peroxidase appeared to function as an 
oxidase because oxidation of the substrates could be carried 
out without addition of hydrogen peroxide. The substrates for 
the reactions were both enediols similar to ascorbic acid. 
Theorell (100) had reported catalase inhibition of the horse­
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radish peroxidase action on dlhyaroxyfumarate which led him 
to postulate the following reactions as the mechanism of 
action: 
(A) AHg + Og = A + HgOg (oxidatic) 
(B) AH2 + HgOg = A + 2HgO (peroxidatic) 
(A + B) AH2 + 1/2 02 = A + H20 
Catalase inhibition was considered an effect of catalatic 
removal of peroxide which retarded reaction (B) because of 
competition for hydrogen peroxide: 
(0) H202 = 1/2 02 + HgO (catalatic-catalase). 
This oxidatic-peroxidatic mechanism would provide an 
explanation for the observed excess oxygen uptake in the 
ascorbic acid oxidase reaction. If the peroxidatic reaction 
(B) was peroxidizing a substrate other than reduced ascorbic 
acid then the net effect would be an increase in the oxygen 
consumption in excess of the one-half mole of oxygen utiliza­
tion per mole of ascorbic acid. The observed increase in 
oxygen uptake in azide-blocked reactions could be explained 
by the inhibition of catalase in the fungal extracts which 
suppressed the catalatic degradation by catalase (0) and 
raised the amount of peroxide available for reaction (B). 
This would permit further peroxidatic reaction with ascorbic 
acid or other reductants. 
92 
Although the oxldatic-peroxidatic postulate seemed to fit 
the observations concerning oxygen uptake, the questions con­
cerning decarboxylation were not resolved by this scheme. It 
was recognized that the ascorbic acid molecule was being 
degraded during the oxidation yielding carbon dioxide and 
other products. Chromatographic detection of L-threonic acid 
in the standard reaction systems suggested that the catabolic 
mechanism was oxidative because any reaction model starting 
with dehydroascorbic and diketogulonic acids and producing 
carbon dioxide and threonic acid involve a net oxidation. 
These observations suggested that either reduced or oxidized 
ascorbic acid, or an intermediate of the reaction, was serving 
as a reductant for the peroxidatic reaction (B) which might 
result in a coupled decarboxylation. However, data presented 
in this section and the following one show that added oxidized 
ascorbic acid was not attacked by the peroxidatic mechanism. 
Therefore, it appeared that either reduced ascorbic acid or 
an intermediate would be the reductants responsible for the 
extra oxygen consumption and related degradation. Two-elec­
tron oxidation of reduced ascorbic acid by the peroxidatic 
mechanism would not explain the observed extra oxygen uptake 
because this would result in a net stoichiometry of reactions 
(A + B) of one-half mole of oxygen uptake per mole of ascorbic 
acid. Thus through application of the oxidatic-peroxidatic 
model for the reaction mechanism it was concluded that an 
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intermediate of ascorbic acid oxidation was undergoing oxida­
tion beyond the dehydroascorbic and diketogulonic acids stage 
with coupled decarboxylation. 
Although the oxidatic-peroxidatic model for ascorbic 
acid oxidase mechanism appeared to be consistent with some of 
the data, further verification of the scheme was considered 
desirable. Yamazaki et al. (115) had reported the accumula­
tion of hydrogen peroxide in the peroxidase reaction with 
triose reductone although peroxide had not been detected in 
the horseradish peroxidase activity with hydroxyfumarate. 
These considerations led to experiments designed to detect 
the accumulation of hydrogen peroxide during the ascorbic acid 
oxidation catalyzed by the fungal extracts. 
The technique employed to detect the accumulation of 
hydrogen peroxide during the ascorbic acid oxidation reaction 
involved manometric assay of azide-blocked extracts followed 
by addition of an excess of catalase which released oxygen 
from the peroxide in the reaction mixtures. Two observations 
on six extracts carried out in air and in oxygen showed that 
all the oxygen systems contained peroxide with a mean accumu­
lation of 3.4 Pmoles (38 PI. 02) while only one of the reac­
tion systems in air yielded a positive test for peroxide. 
Data from the experiment in air which produced peroxide are 
presented in Figure 10. Typical curves are presented in 
Figures 10 and 11. No peroxide accumulated in systems without 
Figure 10. Detection of hydrogen peroxide accumulation 
during ascorbic acid oxidation catalyzed by 
fungal extracts. Standard reaction conditions 
with specified exceptions. Flasks with azide 
contained 0.004M of the inhibitor. The 
vertical arrows indicate the time of addition 
of 0.5 mg. of catalase to the reaction mix­
tures 
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Figure 11. Detection of hydrogen peroxide accumulation 
during ascorbic acid oxidation catalyzed by 
fungal extracts. Standard reaction conditions 
with specified exceptions. Flasks with azide 
contained 0.004M of the inhibitor. The 
vertical arrows indicate the time of addition 
of 0.5 mg. of catalase to the reaction mix­
tures 
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azide. 
Examination of the oxidatic-peroxidatic scheme suggested 
that the observed peroxide accumulation generally detected 
in oxygen was an expression of the oxidatic reaction (A) 
proceeding at a rate fast enough to produce peroxide in 
excess of the amount consumed in reaction (B). This seemed 
plausible since it would be expected that the reaction 
systems carried out in oxygen would enhance the rate of 
reaction (A), relative to the same systems carried out in air. 
However, the observation concerned with peroxide accumulation 
in one test carried out in air was not explained by the 
enhanced rate concept and therefore not clearly understood. 
Detection of hydrogen peroxide in the azide-blocked 
reaction mixtures was considered indirect support for the 
oxidatic-peroxidatic mechanism because it represented a 
partial separation of the dual nature of the postulated 
scheme. The possibility that hydrogen peroxide accumulation 
might be due to autoxidation rather than to an enzymatically 
mediated oxidatic reaction (A) was considered. Observations 
from 6 tests for autoxidation of 20 Hmoles ascorbic acid in 
pH 4.5 acetate buffer showed that flasks with a gas phase of 
air had a mean oxygen uptake of 4 P-l. (0.2 Umole H20g) in one 
hour while tests carried out in oxygen for one hour had a mean 
uptake of 11 PI. (0.5 Mole H202)• When these values were 
compared with the 90% completion time for the ascorbic acid 
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oxidation presented in section IV-A (4u-45 minutes in air, 
10 minutes in 0g) it was apparent that the autoxidative pro­
duction of peroxide was not large enough to complete the 
oxidation of 20 P-moles of ascorbic acid in the time observed 
for the enzymatic reaction. Therefore, it was concluded that 
the autoxidative scheme was not responsible for the peroxide 
formed in the oxidatic reaction (A). This conclusion was 
based on the assumption that the oxidatic-peroxidatic mecha­
nism was operative. Furthermore, the 0.5 Pinoles of hydrogen 
peroxide accumulation through autoxidation was not large 
enough to explain the observed 3.4 P-moles of accumulation 
observed during the ascorbic acid oxidation. This also sug­
gested that the peroxide accumulation was not simply a product 
of autoxidation. 
In addition to the observations on the accumulation of 
peroxide, these experiments also presented information con­
cerning the nature of further oxidation of oxidized ascorbic 
acid. Examination of the carbon dioxide curves presented in 
Figure 11 showed that the rate of carbon dioxide evolution had 
decreased to a very low level during the final phase of the 
oxidative reaction during which peroxide was accumulating. 
This suggested that the carbon dioxide production was not the 
result of the peroxidatic reaction (B) utilizing oxidized 
ascorbic acid as a substrate for further oxidation and possi­
ble decarboxylation. Further studies concerning this question 
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were carried out and are presented in the following section. 
7. The effects of hydrogen peroxide on the ascorbic acid 
oxidation catalyzed by fungal extracts 
The observations presented in the previous section sug­
gested that fungal ascorbic acid oxidase functioned oxidative­
ly and peroxidatively in a seemingly concerted action. The 
possibility that the peroxidatic facet of the catalyst might 
be related to degradation of the ascorbic acid molecule beyond 
the dehydroascorbic and diketogulonic acids stage prompted a 
set of experiments designed to clarify the nature of the 
peroxidatic reaction. Standard assay systems containing 
azide-blocked extracts and H202 were carried out in air and 
oxygen. Representative curves from these experiments are 
presented in Figures 12 and 13. It appeared that the reaction 
flasks without added peroxide consumed more oxygen during the 
reaction than did those with added peroxide particularly in 
reactions carried out in air. These observations could be 
explained by consideration of reaction (B) of the oxidatic-
peroxidatic scheme. Removal of the ascorbic acid peroxida-
tically would decrease the amount available for the oxidatic 
reaction and thereby reduce the overall oxygen consumption. 
The smaller reduction of oxygen consumption in flasks with 
peroxide carried out in oxygen versus those run in air could 
be explained on the basis of reaction (A) proceeding at a 
Figure 12. Effect of added hydrogen peroxide and oxygen 
tension on oxygen uptake associated with the 
ascorbic acid oxidase reaction. Standard 
reaction conditions except all contained 
0.004M azide while 20 P-moles of hydrogen 
peroxide was added and the gas phase was 
oxygen as specified 
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Figure 13. Effect of added hydrogen peroxide and oxygen 
tension on carbon dioxide evolution associated 
with ascorbic acid oxidase reaction. Standard 
reaction conditions except all flasks contained 
0.004M azide while 20 Umoles of hydrogen per­
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greater rate in oxygen. The possibility that oxygen was 
being produced in the flasks containing peroxide due to inade­
quate inhibition of catalase or non-enzymatic degradation of 
HgOg to oxygen was considered because this would reduce the 
observed oxygen uptake in systems containing peroxide. The 
probability of this interfering reaction occurring was con­
sidered negligible because no apparent positive pressure 
developed following the oxidation of the ascorbic acid. If 
oxygen was being generated from the peroxide in the reaction 
mixtures, this should continue and produce a positive mano-
metric measurement following cessation of the oxygen uptake 
due to ascorbic acid depletion. 
The mean carbon dioxide production from observations on 
six extracts in standard assay systems containing azide and 
peroxide was 119 PI. in air and l4l PI. for the same reaction 
systems carried out in oxygen. The standard assay systems 
with the same level of azide produced 66 PI. of carbon dioxide 
in air and 72 PI. in oxygen. The observed mean carbon dioxide 
production with azide and peroxide was significantly different, 
at the 95^ level, from the standard systems with azide only. 
Therefore, it appeared that the peroxide was promoting 
decarboxylation. However, these observations had to be com­
pared with decomposition of ascorbic acid non-enzymatically 
before it could be assumed that the presence of peroxide 
promoted enzymatic decarboxylation. 
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Experiments were carried out in which reduced and 
oxidized ascorbic acid were incubated with hydrogen peroxide 
in an attempt to measure the stability of these compounds 
under the conditions stated. The degradation of ascorbic 
acid in the presence of peroxide has been examined by various 
research groups (46, 87). A common break-down pattern 
involved cleavage of the six carbon chain of ascorbic acid 
between C-2 and 0-3 yielding oxalic and threonic acids. How­
ever, Kamiya (46) has also reported a two carbon decarboxyla­
tion of oxidized ascorbic acid in peroxide producing 
L-threonic acid in which the carbon atoms are removed one at 
a time. 
The 0-2, 0-3 split seemed an intriguing possibility 
because of the presence of an oxalic acid decarboxylase in the 
fungal extracts. If this particular cleavage occurred in the 
reaction mixtures containing the decarboxylase the result 
would be the production of carbon dioxide from the oxalic 
acid. It had been shown that the oxalic acid decarboxylase 
could be inhibited by 0.004M iodoacetate without affecting the 
oxygen uptake associated with the ascorbic acid oxidase reac­
tion. Addition of 0.004M inhibitor to reaction systems did 
not affect the carbon dioxide production although the decarbo­
xylase activity was completely inhibited. Furthermore, addi­
tion of 0.3M calcium ion as a trap for oxalic acid in the 
reaction mixtures did not have an influence on the observed 
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carbon dioxide production. These observations indicated that 
the 0-2, 0-3 split followed by enzymatic decarboxylation con­
tributed very little if at all to the carbon dioxide evolution 
associated with ascorbic acid oxidation. 
The non-enzymatic decarboxylation of reduced and oxidized 
ascorbic acid in the presence of hydrogen peroxide was studied 
by incubating the compounds with 20 Pmoles of peroxide at pH 
4.5 and 7.0 and measuring the carbon dioxide evolution. The 
degradative capacity of horseradish peroxidase and peroxide 
was also examined by incubation with reduced and oxidized 
ascorbic acid. The data from these tests are presented in 
Table 17. 
Analysis of the data showed that ascorbic, dehydroascor-
bic and diketogulonic acids were quite stable at pH 4.5 with­
out peroxide but in solutions containing added peroxide, 
decarboxylation was enhanced, particularly of diketogulonic 
acid. Furthermore, the data demonstrated that at higher pH 
the reduced and oxidized ascorbic acids were more unstable 
with a striking increase of decarboxylation observed with 
diketogulonic acid as the substrate. The data also showed 
that incubation of reduced and oxidized ascorbic acids with 
peroxidase and peroxide did not increase the degradation above 
the amount observed with peroxide alone. 
The carbon dioxide produced in the model incubation 
systems with peroxide was considered a measure of the magni-
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Table ly. Cleavage of reduced and oxidized ascorbic acid in 
the presence of hydrogen peroxide and horseradish 
peroxidase 
Exp.a Substrate^ HgOg 
(P-moles) 
Op uptake 
0*1.) 
COg evolution 
(PI.) 
l.C Dehydroascorbic acid 20 0 7 
Diketogulonic acid 20 8 74 
Ascorbic acid 20 49 23 
Dehydroascorbic acid 0 3 7 
Diketogulonic acid 0 9 12 
Ascorbic acid 0 4 0 
2.4 Dehydroascorbic acid 20 20 36 
Diketogulonic acid 20 17 228 
Ascorbic acid 20 65 28 
Dehydroascorbic acid 0 28 41 
Diketogulonic acid 0 30 70 
Ascorbic acid 0 24 6 
3.8 Dehydroascorbic acid 20 5 34 
Diketogulonic acid 20 0 45 
Ascorbic acid 20 0 0 
aWarburg flasks containing various components were 
incubated for 60 minutes. 
Dehydroascorbic acid was obtained from a commercial 
sample, diketogulonic acid was synthesized from a modification 
of the Penney and Zilva method and all the substrates were 
added in 20 P-mole amounts. 
0These incubations carried out in 0.003M acetate buffer 
pH 4.5. 
^These incubations carried out in 0.02M Tris buffer pH 
7.0. 
eThese incubations carried out in 0.01M acetate buffer 
with pH 4.5 and 0.2 mg. of horseradish peroxidase per flask. 
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tude of non-enzymatic decarboxylation that could be occurring 
in standard assay systems with added peroxide. The data 
presented in Sections IV-A, IV-B-2 had shown that 60 PI. of 
carbon dioxide was produced in standard assay systems while 
the same reaction mixtures with added azide evolved 66 P-l. of 
carbon dioxide. Several experimental observations discussed 
in the same sections demonstrated that the carbon dioxide 
produced in the non-azide and azide systems was the product 
of an enzymatic process. This type of reaction could also be 
occurring in the reaction mixtures with added azide and 
peroxide. This had to be considered in the evaluation of the 
incubation data. 
Examination of the data presented in Table 17 showed that 
74 PI. of non-enzymatic decarboxylation from 20 Pmoles of 
diketogulonic acid had occurred in the presence of 20 Pmoles 
of hydrogen peroxide at pH 4.5 while the same amount of 
dehydroascorbic acid in the same type of reaction condition 
produced only 7 PI. carbon dioxide. Seventy four PI. seemed 
to be the maximum non-enzymatic decarboxylation that could 
occur in the reaction mixtures with added hydrogen peroxide 
because the 20 Pmoles of oxidized ascorbic acid present at 
the end of the oxidation reaction would probably not be 
entirely in the diketogulonic acid form. It was expected 
that part of the oxidized ascorbic acid would be present as 
the less labile dehydroascorbic acid. 
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If the 66 Pi. of enzymatic carbon dioxide pz-oduotioii 
observed in azide systems without peroxide had been augmented 
by 74 PI. of non-enzymatic decarboxylation in peroxide, then 
the observed 119 PI. of carbon dioxide observed in systems 
containing azide and peroxide could be explained on an addi­
tive basis. However, if it was assumed that the oxidized 
ascorbic acid was all present in the dehydroascorbic acid form 
then the observed 119 PI. of carbon dioxide in azide and 
peroxide systems could not be explained by simply adding the 
enzymatic to the non-enzymatic production because the non-
enzymatic process with dehydroascorbic acid as the substrate 
produced only 7 PI. of carbon dioxide. Therefore, a peroxide 
stimulation of an enzymatic effect had to be proposed to 
explain the carbon dioxide production if it was assumed that 
all the oxidized ascorbic acid was present as dehydroascorbic 
acid. Thus, whether or not the added hydrogen peroxide could 
be enzymatically coupled to a decarboxylation mechanism was 
dependent on what percentage of the oxidized ascorbic acid was 
in the free acid and lactone form. This question was not 
pursued further and remained unresolved. 
The peroxidatic nature of the fungal ascorbic acid 
oxidase was investigated further by measuring the anaerobic 
peroxidation of ascorbic acid by the extracts. The experi­
ments were carried out in flasks flushed with oxygen-free 
nitrogen obtained by the technique described by Meites and 
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Meltes (71). Standard reaction assays were employed with the 
addition of hydrogen peroxide and azide in concentrations 
adequate for inhibition of catalase. Systems containing 
horseradish peroxidase and peroxide were also assayed for 
anaerobic peroxidative activity. These data are presented in 
Table 18- It appeared that the extract could enzymatically 
peroxidize reduced ascorbic acid to oxidized ascorbic acid as 
could the horseradish peroxidase. Furthermore, it was shown 
that neither the fungal extract nor the commercial peroxidase 
removed any significant amount of oxidized ascorbic acid 
peroxidatively nor was there any carbon dioxide production 
detected in the anaerobic systems. These tests confirmed the 
presence of a peroxidatic reaction in the fungal extracts.' 
However, the anaerobic systems did not appear to degrade 
oxidized or reduced ascorbic acid. 
The data presented in Table 18 demonstrated that horse­
radish peroxidase could oxidize ascorbic acid in the presence 
of added peroxide. Experiments were also carried out with 
standard aerobic assay conditions except 1.4 mg. of peroxidase 
was substituted for the fungal extract. These test systems 
did not consume oxygen nor was there an appreciable loss in 
the ascorbic acid during a 60 minutes incubation. Therefore, 
it was concluded that horseradish peroxidase unlike the fungal 
enzyme cannot function as an oxidase with ascorbic acid as the 
substrate. 
Table 18. Measurement of anaerobic peroxidation of reduced and oxidized ascorbic 
acid by the fungal extracts and commercial horseradish peroxidase 
Exp. Conditions^ Timeb Ascorbic acid Oxidized ascorbic 
disappearance acid found 
(min.) (Pmoles) (Pmoles) 
1. 1.0 ml. extract + 
20 Pmoles ascorbic acid 15 16.5 
30 17.9 
45 18.2 
60 20.0 
2. 20 Pmoles ascorbic acid 15 0.0 
30 0.0 
45 0.0 
60 0.1 
3. 1.0 ml. extract + 5 5.8 
20 Pmoles ascorbic acid 10 12.9 
15 15.2 
20 16.2 
aTwenty Pmoles HgOg, 0.0036M azide, 0.015M acetate pH 4.5 - Mg flushed 20 min. 
^Flasks removed at specified times and analyzed. 
°Indophenol method utilized. 
%oe and Keuther method utilized. 
Table 18 (Continued). 
Exp. Conditions3, Timeb 
(min.) 
Ascorbic acid 
disappearance 
(Pmoles) 
Oxidized ascorbic 
acid found 
(Pmoles) 
4. 20 Pmoles ascorbic acid 10 
20 
30 
60 
0.0 
0.1 
0.1 
0.2 
5. 1.0 ml. extract + 
20 Pmoles dehydroascorbic acid 
10 
20 
30 
60 
19.8 
19.8 
19.8 
19.7 
6. 1.0 ml. extract + hk 
20 Pmoles dehydroascorbic acid® 
and no HgOg 
10 
20 
30 
60 
20.0 
20.0 
20.0 
20.0 
7. 
0 20 Pmoles dehydroascorbic acid 10 
20 
30 
60 
20.0 
19.8 
19.6 
19.4 
8. 1.4 mg. horseradish peroxidase 
+ 20 Pmoles ascorbic acid 
60 19.2 
eBromine oxidation of reduced ascorbic acid 
Table 18 (Continued). 
Exp. Conditions* Time*3 
(min.) 
Ascorbic acid 
disappearance 
(Pmoles) 
Oxidized ascorbic 
acid found 
(Pmoles) 
9. 1.4 mg. horseradish peroxidase 
+ 20 Pmoles DHA (Nutr. Biochem.) 
60 18.9 
10. 1.4 mg. horseradish peroxidase 
+ 20 Pmoles dehydroascorbic acid6 
60 18.9 
11. 1.4 mg. horseradish peroxidase 
+ 20 Pmoles K-diketogulonic acid 
60 18.7 
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5. jjrjbiii oxidation during the funfeal oaial.y zed aacox-'uiu au id 
oxidation 
Reduced pyridine nucleotides have been recognized as 
substrates for peroxidase reactions for some time (1). The 
physiological significance of this reaction initiated experi­
ments designed to determine the peroxidatic effect of the 
ascorbic acid oxidase reaction on DPNH. Representative curves 
from these experiments are presented in Figure 14. The exper­
iments were carried out by measuring the decrease in optical 
density (0. D.) at 340 ml& with the Beckman spectrophotometer 
at 30°0. with various reaction constituents. It appeared that 
the fungal extracts could facilitate the oxidation of DPNH 
during the ascorbic acid oxidation. Mild heat treatment, 
MnClg-protamine sulfate treatment or ethanol precipitation 
did not remove the DPNH oxidation capacity as long as the 
ascorbic acid oxidase activity was not impaired. Oxidized 
ascorbic acid alone or in the presence of the extracts did 
not oxidize the DPNH. 
Several explanations of the observed data had to be con­
sidered. Reports from several laboratories (55, 72, 73) had 
established the presence of systems in plants that would 
oxidize DPNH only during enzyme-catalyzed ascorbic acid 
oxidation. This work suggested that the one-electron inter­
mediate, monodehydroascorbic acid, was functioning as the 
electron acceptor for the DPNH reaction. 
Figure 14. DPNH oxidation during ascorbic acid oxidation 
catalyzed by fungal extracts. DPNH disappearance 
followed by measuring the change in optical 
density at 34o mU and 30°C. on the Beckman 
spectrophotometer. The test cuvettes contained 
0.3 mg. DPNH, 0.002M PO^-Citrate buffer pH 6.0 
and HgO to a final volume of 3.0 ml. The plots 
labeled ASC. contained 2.7 x 10"^M ascorbic 
acid, OX. ASC. contained 2.7 x 10-4m oxidized 
ascorbic acid while the enzyme extract was 
added in 0.05 ml. quantities 
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The i'ungai extracts utilized in the experiments described 
here contained catalase and it was recognized that the ascor­
bic acid oxidase reaction was producing hydrogen peroxide in 
azide-blocked systems which could have generated an environ­
ment favorable for the peroxidatic function of catalase. This 
mechanism might have been responsible for the oxidation of 
DPNH. Furthermore, the peroxidatic function of ascorbic acid 
oxidase also could act in a similar manner. Thus It appeared 
that this study of the DPNH oxidation could not clarify the 
nature of the peroxidatic function of ascorbic acid oxidase. 
A group of interesting experiments have been carried out 
by Yamazaki (112) which are pertinent to the question of 
reductants and oxidants of the reactions catalyzed by peroxi­
dase. He observed that methylene blue or ferricytochrome c 
could serve as electron acceptors instead of hydrogen peroxide 
in the peroxidase reaction with a large number of reductants. 
Tests for the reduction of methylene blue and ferricytochrome 
c by the fungal oxidase with ascorbic acid as the reductant 
were negative. 
9. Attempted clarification of the mechanism of ascorbic acid 
degradation through analysis of carbon dioxide data 
Although work reported in Section IV-C-4 had shown that 
a portion of the carbon dioxide produced during the ascorbic 
acid oxidation was derived from 0-1 of the ascorbic acid 
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molecule, it was felt that examination of the percentage of 
carbon dioxide contributed by 0-1 in various reaction systems 
might illuminate the nature of the degradative scheme. The 
tests were carried out by adding labeled reduced or oxidized 
ascorbic acid or both to various types of reaction systems 
followed by assay of the contents of the Warburg flask center 
wells for radioactivity. The techniques employed are described 
in detail in the methods section. 
The specific activities from the BaOO^ precipitated from 
the center well carbonate were compared with the precipitate 
from a standard NagCO^ sample of known activity that was 
handled in the same manner as the carbonate from the reaction 
flasks. A comparison of the absolute activity of the ascorbic 
acid added initially with that of the carbonate found in the 
center wells was made. This yielded a value representing the 
percentage of activity transferred from the ascorbic acid to 
the trapped carbonate in the center well. From these observa­
tions, a value could be calculated for the Pmoles of carbon 
dioxide that would have been produced if only 0-1 had been 
decarboxylated. In addition to the amount of 0-1 decarboxy­
lated, the experiments measured total carbon dioxide produc­
tion manometrically. The data from these experiments are 
presented in Table 19. A comparison of the amount of carbon 
dioxide expected if only 0-1 had been decarboxylated with the 
total carbon dioxide produced in the same reaction flask 
Table 19. Results of experiments assaying degradation of reduced and oxidized 
ascorbic acid-l-C-14 
a 20 Pmolesb 002 Pl.° 
Conditions Reduced Dehydro-
ascorbic ascorbic 0-1 Total Total 
acid acid 0-1 
(Br-ox.) 
Control label - 19 48 2. 5 
0 .2  mg. catalase label - 37* 48 1. 3 
0.004M azide label - 24 92* 3. 8 
0.004M azide + 20 Pmoles HgOg label - 27 141* 5. 2 
No additions no label label 14* 64 
0 .2  mg. catalase no label label 10* 89* 
0.004M azide + 20 Pmoles HpOp no label label 70* 201* 
No additions - label 15* 24 
No enzyme, 20 Pmoles HgOg - label 65* 82* 
No enzyme, 0.2  mg. catalase no label label 2 -
No enzyme, 20 Pmoles HgOg label - 4 -
aFlasks contained 1.0 ml. fungal extract, 0.015M acetate buffer pH 4.5 and 
the assays were carried out in oxygen. 
b Twenty Pmoles of the designated form of ascorbic acid were added as described. 
A dash indicated no addition of the compound in either labeled or unlabeled form. 
Bromine oxidation. 
cThe carbon dioxide value from 0-1 was derived from the analysis of the 
labeled carbonate data using the method described in the methods section. The 
total was the value obtained from the same flask as the labeled data utilizing 
the two flask method of carbon dioxide analysis manometrlcally. 
•Significantly different from the procedural control at the 9% level. 
Table 19 (Continued). 
Conditions 20 Pmoles 
Reduced Dehydro-
ascorbic ascorbic 
acid acid 
(Br-ox.) 
C-l 
COo PI. 
Total Total 
C-l 
Conditions 
Control 
0.2 mg. catalase 
0.004M azide 
0.004M azide + 20 Pmoles HOOP 
No additions 
0.2 mg. catalase 
0.004M azide + 
No additions 
No enzyme, 20 Pmoles H202 
No enzyme, 0.2 mg. catalase 
No enzyme, 
20 Pmoles HgOg 
20 Pmoles H202 
label - 29 63 2.2 
label - 55* 65 1.2 
label - 19 63 3.4 
label - 31 123* 3.9 
no label label 13* 51 
no label label 9* 64 
no label label 71* 206* 
- label 15* 18* 
- label 57* 68 
no label label 2* — 
label - 5* -
^Reaction mixtures were identical with those described in a except assays 
were carried out in air. 
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demonstrated approximately two times as much carbon dioxide 
production in standard assay flasks as was expected from C-l 
decarboxylation. If catalase was added to the systems, the 
total carbon dioxide did not appear to be affected but the 
amount of 0-1 decarboxylated was raised significantly. Addi­
tion of 20 Umoles of hydrogen peroxide to the azide-blocked 
standard assay flasks caused a significant increase in the 
carbon dioxide observed manometrically without any large 
effect on the amount of C-l decarboxylated. However, if 20 
Pomoles of unlabeled reduced ascorbic acid was oxidized in the 
presence of azide, 20 Umoles HgOg and 20 Pmoles of labeled 
oxidized ascorbic acid the total carbon dioxide production 
and the C-l decarboxylated were raised significantly over the 
standard system. However, the data indicated that the in­
creased carbon dioxide production in the azide plus peroxide 
reaction mixtures could be explained by non-enzymatic effects. 
Thus, it was concluded that added catalase Increased the per­
centage of C-l decarboxylation while the addition of azide and 
peroxide increased the total carbon dioxide production. Fur­
thermore, it appeared that the increased carbon dioxide 
observed in the presence of peroxide could be due to non-
enzymatic decarboxylation. 
Data from experiments presented in Section IV-A had shown 
that the initial rate of oxygen uptake was increased in the 
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presence of oxygen while the 90^ completion time was dimin­
ished. In the experiments reported in this section reactions 
were carried out in air and oxygen to measure the effect that 
the two conditions might have on the percentage of C-l decar­
boxylated. It was concluded that there were no large differ­
ences in the percentages although it appeared that the C-l 
fraction of the total carbon dioxide might be slightly less 
in reactions carried out in oxygen. 
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V. DISCUSSION 
The stoichiometry reported for the ascorbic acid oxidase 
from higher plant sources (25) and from mycelial extracts of 
Myrothecium (63, 109) involved the utilization of one-half 
mole of oxygen per mole of ascorbic acid. However, further 
investigation of the soluble, heat-labile catalyst from 
Myrothecium demonstrated that the oxygen uptake often deviated 
from the expected stoichiometry and that carbon dioxide was 
produced during the reaction. At the outset, it was con­
sidered that these aspects of the reaction should be examined 
further in order to characterize in greater detail the nature 
of the catalyst from Myrothecium extracts. 
In standard reaction systems the mean oxygen uptake in 
excess of the expected was 69 PI. while the carbon dioxide 
production was 60 P>1. Preliminary tests with various inhibi­
tors were carried out to get some clue to the nature of the 
reactions involved. These studies demonstrated that the 
addition of azide at a concentration sufficient to inhibit the 
endogenous catalase activity of the extracts raised the mean 
oxygen excess to 115 P-l. without significantly affecting the 
carbon dioxide evolution. 
Recognition that the fungal extracts might contain 
catalysts other than the ascorbic acid oxidase that could 
interfere with the stoichiometry led to a series of experi-
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ments designed to clarify the problem. No evidence was found 
for phenolase, glutathione reductase or cytochrome oxidase 
systems in the extracts. However, an oxalic acid decarboxy­
lase was discovered. This catalyst could have produced the 
carbon dioxide if a 0-2, C-3 cleavage of the ascorbic acid 
molecule had occurred producing oxalic acid. This possibility 
was discounted when it was found that the oxalic acid decarbo­
xylase could be completely inhibited without affecting the 
carbon dioxide evolution observed during the ascorbic acid 
oxidation. Attempts at separation of the ascorbic acid oxi­
dase from the catalase of the extracts were unsuccessful. 
These experiments did show that three-fold purification of 
the oxidase with 70% removal of the extract protein did not 
block the excess oxygen consumption or carbon dioxide evolu­
tion. An examination was made of the extracts for enzymes 
that would decarboxylate oxidized ascorbic acid. These tests 
showed that enzymes of this type were not present in the 
fungal extracts. 
Further characterization of the fungal ascorbic acid 
oxidation was carried out by examining the products of the 
reaction. The time course of the reaction was followed by 
measuring the rate of disappearance of indophenol reducing 
power and the rate of production of oxidized ascorbic acid by 
the Roe and Keuther method. The information was compared with 
gas exchange data from the same reactions. A striking feature 
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of the rate data from the three analytical procedures was the 
similarity in time of the leveling off of the curves. This 
suggested that the oxygen uptake, carbon dioxide production, 
disappearance of reduced ascorbic acid and the formation of 
oxidized ascorbic acid were coupled. Thus, no discrete pri­
mary and secondary reactions could be detected by the assay 
techniques employed. Furthermore, analyses of oxidized 
ascorbic acid present at the termination of the oxygen uptake 
reaction demonstrated an average 10$ loss of the oxidation 
product. These experiments suggested that the observed carbon 
dioxide evolution was derived from the ascorbic acid. 
Experiments carried out with ascorbic acid-1-0-14 proved 
that C-l was being decarboxylated during the oxidation process. 
These examinations also demonstrated that an average of two to 
three carbon atoms were being removed for every labeled carbon 
atom decarboxylated. Therefore, it appeared that a large 
fraction of the products of decarboxylation might be four 
carbon molecules. 
A stoichiometric analysis of the carbon dioxide expected 
from a 10$ loss of the oxidized ascorbic acid was carried out 
to estimate the types of breakdown products that might be 
expected. Standard assay systems contained 20 P-moles of 
ascorbic acid, a 10$ loss would have produced 2 Pmoles of 
carbon dioxide if 1 carbon atom had been removed, 4 Pmoles if 
2 carbons were removed, etc. Two Hmoles of carbon dioxide 
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correspond to 45 p-l. and from man omet rl c observations an 
average of 60 Ul. were formed. These observations Indicated 
that more than one carbon atom was removed but no experimental 
data was obtained concerning the source of the second carbon 
atom. If the second carbon atom was uniformly removed from 
the same molecule which had underçcae the initial decarboxyla­
tion then a four carbon molecule would have been the expected 
product. 
Further study of the products of ascorbic acid degrada­
tion was carried out by chromatographic examination of the 
reaction mixtures. Spray reagent tests were negative for the 
following compounds: succinate, tartrate, tartronate, 
malonate, malate, maleate, citrate, glutarate, glycerate, 
glycolate, pyruvate, fumarate, cuketoglutarate and lactate. 
Differential spray tests were also applied to the paper 
chromatograms containing the products of the reaction mixture 
and the following compounds were not detected: aldopentoses, 
aldohexoses, pentuloses (xylulose), aldoses, uronic acids, 
sugar alcohols and tetroses. Furthermore, reaction mixtures 
were tested for xylulose, trioses and pentoses colorimetrically 
with negative results. 
Chromatographic examination of concentrated reaction 
mixtures that had been cleared of extract protein and oxidized 
ascorbic acid produced a spot with the same Rf as L-threonic 
acid. Furthermore, lactonization of the reaction material 
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before application to the chromatograms produced a spot which 
yielded a positive test with the lactone detection spray and 
the same Rf as L-threonolactone. The area of the threonic 
acid and the lactone spots indicated that these compounds were 
the principal if not the sole products of degradation. How­
ever, these experiments were only carried out on standard 
reaction mixtures. 
Although the gas exchange measurements, product analyses 
and tracer information had demonstrated that the ascorbic acid 
was degraded during the course of the oxidation, the mechanism 
of action was not understood. Various studies were designed 
and carried out to elucidate the mechanism in question. Among 
the interesting systems examined was an unusual type of per­
oxidase activity present in the fungal extracts. It was dif­
ferent from horseradish peroxidase in substrate specificity 
and azide sensitivity. The peroxidase activity of the extracts 
could be eliminated by various techniques without modifying 
the ascorbic acid oxidase. Furthermore, it was demonstrated 
that horseradish peroxidase could not oxidize ascorbic acid 
without the addition of hydrogen peroxide. Thus, it was 
concluded that the peroxidase activity of the extracts was 
different from horseradish peroxidase and that the ascorbic 
acid oxidase was unlike either the extract or horseradish 
peroxidase. 
A critical examination of the data from experiments in 
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which the fungal extracts catalyzed the oxidation of ascorbic 
acid suggested that the catalyst was similar to a peroxidase 
functioning as an aerobic oxidase. Theorell (99) had shown 
that horseradish peroxidase would act as an oxidase with 
dihydroxyfumarate as a substrate and a similar observation had 
been made by Yamazaki (111) with turnip peroxidase and 
triose reductone as the substrate. The enediol character of 
ascorbic acid, dihydroxyfumarate and triose reductone stimu­
lated interest in the mechanism of this type of oxidation. 
Although it had been observed that the fungal extracts pos­
sessed a peroxidase-like activity, this had been shown to be 
quite different than that normally associated with a heme 
peroxidase or the ascorbic acid oxidase of the extracts. 
However, further experiments were carried out to compare the 
fungal ascorbic acid oxidase and peroxidase activity with 
dihydroxyfumarate or triose reductone as substrates. 
One of the early clues that the dihydroxyfumarate oxidase 
activity actually was due to a peroxidase was the recognition 
that catalase inhibited the reaction. The Myrothecium enzyme 
extract contained catalase which confused stoichiometric 
observations in earlier studies. However, it was found that 
azide inhibition of the catalase of the extracts increased 
oxygen uptake. Although hydrogen peroxide has not been 
detected as a component of" the peroxidase reaction on dihydro­
xyfumarate reaction, Yamazaki et_ al. (114) did observe that a 
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peroxidase from turnip s catalyzed the aerobic oxidation of 
triose reductone with a measurable accumulation of hydrogen 
peroxide. An examination for peroxide accumulation during the 
oxidation of ascorbic acid catalyzed by the fungal extracts 
showed that this compound did accumulate particularly during 
reactions carried out in oxygen. A closer study of the hydro­
gen peroxide question as it pertained to the overall stoichi­
ometry demonstrated that the excess oxygen uptake could not 
be explained solely on the basis of the accumulation of hydro­
gen peroxide. 
Theorell (99) and Yamazaki (111) have proposed a mechan­
ism of action for the aerobic oxidase activity of peroxidase 
on dihydroxyfumarate and triose reductone involving the fol­
lowing reactions: 
(A) AH2 + Og = A + HgOg (oxidatic) 
(B) AH2 + HgOg = A + 2HgO (peroxidatic) 
(A + B) AH2 + 1/2 02 = A + H20 
The observed catalase inhibition of the reaction was 
attributed to catalatic degradation of peroxide which in turn 
lowered the rate of reaction (B) through competition for 
peroxide: 
(0) H202 = 1/2 Og + H20 (catalatic-catalase) 
This model appeared to be consistent with the oxygen 
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uptake data in the oxidation of ascorbic acid by the fungal 
extracts. The observed oxygen excess could be explained by 
the peroxidatic action of reaction (B) with a reductant other 
than ascorbic acid. Catabolism of the ascorbic acid molecule 
during the course of the enzymatic oxidation suggested that 
oxidized ascorbic acid might be the other reductant for reac­
tion (B). However, it was shown that added oxidized ascorbic 
acid did not function in this capacity. Two-electron oxida­
tion of reduced ascorbic acid could not explain the extra 
oxygen consumption because this would in a stoichiometry of 
the combined reactions (A + B) of one-half mole of oxygen 
per mole of ascorbic acid. Therefore, it was concluded that 
some intermediate of ascorbic acid oxidation of the recently 
oxidized ascorbic acid possibly still attached to the active 
center of the enzyme was undergoing oxidation beyond the 
dehydroascorbic or diketogulonic acid stage. Further support 
for the Theorell model was obtained from experiments with 
azide-blocked systems which are presented in Section IV-B-1. 
These examinations demonstrated that standard assay systems 
in the presence of azide consumed an average oxygen excess of 
115 P»l. An excess oxygen consumption of 224 p-l. would have 
represented a stoichiometry consistent with a mole of oxygen 
uptake per mole of ascorbic acid. This suggested that part of 
the ascorbic acid was oxidized by a reaction other than reac­
tion (A). It was concluded that the deviation in oxygen 
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uptake from that expected if all of the ascorbic acid had been 
oxidized by reaction (A) was due to a portion of the substrate 
being peroxidized by reaction (B). The Theorell model was 
also consistent with the observed accumulation of peroxide 
under certain conditions. The hydrogen peroxide present in 
the reaction mixtures following the termination of oxygen 
uptake was attributed to the oxidatic reaction (A) proceeding 
at a rate faster than the peroxidatic reaction (B) could 
utilize it. It was recognized that the peroxide accumulation 
could be routinely detected only in azide-blocked systems 
carried out in oxygen. 
Further studies of the peroxidatic nature of the enzyme 
were carried out by examining this activity of the fungal 
extracts towards ascorbic acid in anaerobic systems. These 
tests showed that ascorbic acid was enzymatically peroxidized 
by the extracts with no detectable carbon dioxide production. 
Ascorbic acid oxidations carried out in air with added per­
oxide revealed a decrease in the total oxygen consumption when 
compared with the controls containing no peroxide. This was 
explained by assuming that a larger fraction of ascorbic acid 
was being oxidized peroxidatively in the presence of peroxide 
by reaction (B) which would decrease the amount of reduced 
ascorbic acid available for the oxidatic reaction (A). There­
fore, these experiments indicated that the extracts could act 
peroxidatively with ascorbic acid as the reductant but the 
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decarboxylation process appeared to require the presence of 
oxygen. It was concluded at this stage of the investigation 
that the oxidatic-peroxidatic model was consistent with the 
oxygen uptake data but it offered no direct explanation for 
the observed decarboxylation. 
Decarboxylation processes related to peroxidata.se action 
have been reported for the peroxidase activity or dihydro­
xyfumarate (74). However, it was felt that the first product 
of the peroxidative reaction is diketosuccinate and it has 
been clearly demonstrated that this compound decarboxylates 
non-enzymatically yielding tartronate (14, 56). The oxidase-
peroxidase action of indoleacetic acid oxidase also yields 
one mole of carbon dioxide per mole of indoleacetic acid 
peroxidized (74). A saturated fatty acid peroxidase (97) has 
also been reported that decarboxylates the acid during the 
peroxidative reaction yielding the respective aldehyde. 
However, in the experimental systems described in this thesis 
the non-enzymatic decarboxylation of diketogulonic acid did 
not proceed at a rate sufficiently large to explain the 
observed carbon dioxide production. Furthermore, the produc­
tion did not appear to have a one to one molar relationship 
with the reduced or oxidized ascorbic acid. Therefore, it 
was concluded that the decarboxylation was not analogous to 
other reported peroxidative decarboxylations. 
The nature of the decarboxylation reaction occurring 
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during ascorbic acid oxidation was further investigated by 
studying the carbon dioxide production in reaction mixtures 
that contained azide and peroxide. It was observed that 
reaction systems with azide produced only 66 PI. of carbon 
dioxide on the average while the addition of azide and 20 
Pmoles of hydrogen peroxide to the standard reaction systems 
raised the carbon dioxide evolution to 119 PI. The question 
of immediate interest was whether the peroxide was promoting 
an enzymatic decarboxylation or whether it was simply a non-
enzymatic process. This problem was investigated by following 
the decarboxylation of reduced and oxidized ascorbic acid 
incubated with 20 Pmoles of peroxide. The results showed that 
dlketogulonic acid was particularly unstable in the presence 
of peroxide. It was concluded that the enhanced decarboxyla­
tion observed in azide-blocked systems with added hydrogen 
peroxide could be non-enzymatic if most of the enzymatically 
oxidized ascorbic acid was in the dlketogulonic acid form. 
However, if the bulk of the oxidized ascorbic acid was present 
as dehydroascorbic acid then the increased decarboxylation in 
peroxide was considered an effect of the peroxide on an 
enzyme system. 
Reduced diphosphopyridine nucleotide (DPNH) was tested 
as a substrate for the peroxidative mechanism. These experi­
ments showed that DPNH was oxidized by the fungal extracts 
only during the course of the ascorbic acid oxidation. 
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Oxidized ascorbic acid or the extracts without ascorbic acid 
had no oxidative effect. These were the same results that had 
prompted other workers to propose the presence of a one-
electron Intermediate of oxidation, monodehydroascorbic acid, 
that was capable of carrying out the oxidation. This mechanism 
had to be considered as the possible oxidant in the fungal 
systems also. Furthermore, the possibility that catalase 
operating peroxidatively might be the agent of oxidation had 
to be considered. Therefore, it was concluded that the DPNH 
oxidation could have been the result of systems other than the 
peroxidative mechanism of the Theorell model. 
Experiments designed to elucidate in greater detail the 
degradative mechanism associated with the ascorbic acid 
oxidation were carried out using 0-1 labeled reduced and 
oxidized ascorbic acid. Although, these experiments could 
only establish absolute proof that C-l was being decarboxy­
lated, the assumption that additional carbon dioxide was 
derived from further degradation of the ascorbic acid molecule 
seemed to be a reasonable supposition. These experiments also 
included manometric measurements of the total carbon dioxide 
generated in addition to the carbon dioxide from C-l. In 
addition to standard assay systems, reaction mixtures contain­
ing either added catalase, azide or azide and hydrogen perox­
ide were examined. These experiments demonstrated that the 
amount of C-l decarboxylated did not vary significantly among 
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these treatments except in the presence of added catalase 
where it was observed that the 0-1 decarboxylated was greater 
than in the other reaction conditions. It was also observed 
that no significant difference occurred in the total carbon 
dioxide production except in the case of added azide and 
peroxide where gas production was increased approximately two 
times. Therefore, it was concluded that additional peroxide 
promoted decarboxylation of the molecule remaining after 0-1 
decarboxylation. The increased 0-1 decarboxylation with added 
catalase was not examined further and remained unexplained. 
Although an explanation of the degradation of ascorbic 
acid was not implicit in the Theorell oxidase-peroxidase model, 
a slight modification of the scheme was made which was con­
sistent with the observations obtained from the action of the 
fungal extracts on ascorbic acid: 
(D) AA + 0o —> (DHA) + EUOp (oxidatic) 
2 4, 
DHA 
(E) AA + HgOg —^ DHA + HgO (peroxidatic) 
(F) (DHA) + H2°2 ~=^ (breakdown products) + 00g + H^O 
This scheme assumes that some reactive form of oxidized 
ascorbic acid (DHA) in the oxidation stage of dehydroascorbic 
acid is vulnerable to further degradation. Furthermore, the 
observation that no carbon dioxide production occurred in the 
anaerobic peroxidation of ascorbic acid indicated that the 
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vulnerable intermediate must be a product of the oxidatic 
reaction. The labile intermediate concept was developed to 
explain the fact that oxidized ascorbic acid added to the 
standard assay systems did not increase the amount of decar­
boxylation or percentage disappearance of oxidized ascorbic 
acid. Reaction (?) explained excess oxygen consumption and 
degradation of the ascorbic acid molecule producing carbon 
dioxide. The increase in oxygen consumption observed in 
azide-blocked extracts was explained by the inhibition of 
catalase activity which allowed more hydrogen peroxide to 
react through the mechanism presented in reaction (F). 
A stoichiometric analysis of the reactions proposed in 
the previous paragraph was carried out to add support to the 
postulated mechanism. Reaction (D) and (E) would together 
yield a net consumption of one-half mole of oxygen per mole of 
ascorbic acid if no other reactions were taking place. The 
term "excess oxygen uptake" as presented in this thesis is an 
expression of the amount consumed in excess of the one-half 
mole of utilization per mole of ascorbic acid. If the pro­
posed scheme was correct, then a mole of excess oxygen uptake 
in effect was involved in the consumption of two hydrogen 
peroxide molecules in the peroxidatic mechanism of reaction 
(F). Gas exchange measurements from standard assay systems 
had demonstrated that the oxygen excess was approximately 
equal to the carbon dioxide production on a molar basis. 
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Thus, in standard systems it appeared that two solseulss of 
peroxide were utilized for every molecule of carbon dioxide 
produced. Furthermore, in azide-blocked reaction mixtures, 
where the oxygen excess was markedly increased, it appeared 
that approximately four molecules of peroxide were utilized 
for every carbon dioxide molecule. This assumed that no 
peroxide was accumulating and it was generally observed in the 
systems carried out in air that no peroxide could be detected. 
Thus, it appeared that there was not a strict molar propor­
tionality between the peroxide used in the excess oxygen 
reaction and carbon dioxide production. 
Although the peroxide utilization in reaction (?) could 
not be directly related to the carbon dioxide production on a 
molar basis, a scheme was developed which was consistent with 
the proposed mechanism and the formation of L-threonic acid 
in standard assay systems; 
(G) 06H606 + HPO? = °5H6°5 + C02 + H20 
(TffTA ) (a-keto xylonolactone) 
(H) °5H6°5 H202 — C^JHGOIJ. + 002 + H20 
(a-keto xylonolactone) (threonolactone) 
(I) O^HgO^ + HgO = O^HqOÇ 
(threonolac tone) (threonic acid) 
This model assumes that reactions (G) and (H) are actually an 
expression of (?) with defined substrates while (I) is simply 
139 
hydrolysis of a lactone. It was concluded that other peroxi­
dative reactions might also be occurring through reaction (?) 
which would be responsible for removal of peroxide from the 
gas exchange stoichiometry. These reactions might not yield 
carbon dioxide as a product which would explain the dis­
crepancy in the peroxide and carbon dioxide molar relation­
ships. 
The possibility exists that the extracts contain two 
different enzymes, one catalyzing the oxidation of ascorbic 
acid forming hydrogen peroxide and oxidized ascorbic acid,the 
second peroxidatively attacking the ascorbic acid producing 
water and oxidized ascorbic acid. However, the evidence that 
excess oxygen consumption cannot be eliminated by addition of 
excess catalase and that peroxide does not necessarily accumu­
late even though oxygen uptake exceeds the expected stoichi­
ometry suggests that if peroxide is necessary for the reaction 
it is probably generated within ready access to the peroxida­
tive scheme probably on the same enzyme. 
The relative insensitivity of the Myrothecium ascorbic 
acid oxidase to heavy metal inhibitors such as cyanide, CO, 
8-0H quinoline, diethyldithiocarbamate and ethyl xanthate had 
led to the conclusion that the enzyme was not a metalic cata­
lyst. However, the literature reports that peroxidase, a well 
characterized heme enzyme, is not inhibited in the aerobic 
oxidation of dihydroxyfumarate by cyanine or CO (7^). There 
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are conflicting reports concerning the inhibitor effects, but 
there is evidence that the heme enzyme is not sensitive to the 
usual metal inhibitors in the reaction with dihydroxyfumarate. 
This question does not appear to have been settled. Further­
more, it is interesting to note that a pyrocatechase has been 
reported (103) that is dependent on Fe++ for activity but 
apparently the iron is so firmly bound that the catalyst is 
insensitive to a,a-dipyridyl, cyanide, F, 8-OH quinoline, 
semicarbazide, aniline or CO. Related to these observations 
is work reported by M. I. Dolin (24) concerning the isolation 
and purification of a flavoprotein peroxidase containing no 
heme. Of course, this catalyst is not inhibited by heavy 
metal inhibitors and the author has presented evidence that 
flavin adenine dinucleotide is the active site of the enzyme. 
Therefore, it would appear that there are explanation for the 
insensitivity of the fungal ascorbic acid oxidase in the 
literature. However, this question was not extensively 
examined. 
Enzymologists recently have proposed an alternative 
mechanism involving free radicals for the action of peroxidase 
on dihydroxyfumarate. Although methods of the type described 
by these workers were not carried out in this study the ideas 
are considered because they offer another possible explanation 
of the data obtained from the fungal ascorbic acid oxidase. 
Yamazaki (116) has presented the following free radical scheme 
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for tile mechanism of peroxidase action on dihydroxyfumarate: 
(J) 2 DHF + H202 Peroxidase^ 2 DHp. + 2E^ 0 
(K) DHF- + 02 ) DKS + HOg" 
(L) DHF- + HO - ) DKS + HgOg 
He has shorn the presence of the free radicals with the elec­
tron spin resonance instrument to support his model. Further­
more, this scheme would satisfy the observation of catalase 
inhibition due to prevention of reaction (J) and Mason's (67) 
observation that the dihydroxyfumarate-peroxidase system could 
serve as a hydroxylating system because of the perhydroxyl 
radical formed in reaction (K). It would appear that the 
rate of (J) would have to exceed that of reaction (K) or (L) 
to account for the lack of peroxide accumulation in this 
system. Yamazaki has presented a similar model to explain 
the peroxidative reduction of cytochrome c and methylene blue 
by various reductants. The free radical intermediate is 
proposed as the actual reductant in this scheme. 
This model would explain the excess oxygen consumption 
and carbon dioxide production in reaction mixtures containing 
the fungal extracts through reactions of the perhydroxyl 
radical. It has been shown that the perhydroxyl radical can 
function solely as an oxidant or as an hydroxylating agent 
(103). The oxidative decarboxylation of ascorbic acid could 
be considered an expression of perhydroxyl radical attack. 
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This postulate is supported by the recognition that the free 
radical intermediate of ascorbic acid oxidation (monodehydro-
ascorbic acid) has been detected by the electron spin reso­
nance instrument in the ascorbic acid oxidation catalyzed by 
the higher plant oxidase (113). 
Another interesting aspect of the free radical postulate 
is the question of reaction-inactivation of the enzyme. 
"White (109) has considered this problem in some detail with 
the fungal extract and has shown that the ascorbic acid 
oxidase is inhibited during the course of the ascorbic acid 
oxidation reaction. Vercauteren (103) has speculated about 
the Yamazaki free radical model and has concluded that oxygen 
can actually be considered a 11 scavenger" picking up free 
radicals. If acceptors are not present, he has postulated 
that the enzyme itself will serve as a free radical trap 
which could explain inactivation. 
It appears that the mechanism of the reaction catalyzed 
by the fungal extracts could be clarified by testing for the 
presence of a free radical intermediate. A free radical could 
also be detected by examination of the reaction systems for 
hydroxylating effects. However, the enzyme probably should 
be purified to a greater extent before these are carried out 
to eliminate the hazard of side reactions that might lead to 
erroneous conclusions. The role of ascorbic acid in biological 
hydroxylations is a very intriguing question and further study 
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of the enzymatic system from Myrothecium might prove to be a 
useful tool in elucidation of this phenomenon. 
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VI. SUMMKÏ 
1. Manometric assays for ascorbic acid oxidase activity in 
fungal extracts demonstrated that the oxygen uptake 
exceeded the amount expected if one-half mole of oxygen 
was consumed per mole of ascorbic acid. The average 
excess was 69 PI. in standard assay systems with an 
expected consumption of 224 PI. 
2. Gas exchange studies showed that carbon dioxide was 
produced during the course of the ascorbic acid oxidation 
catalyzed by the fungal extracts. The mean excess was 60 
PI. in standard assay systems. 
3. Examination of the fungal extract for enzymes that might 
be involved in the observed manometric deviation was made. 
No evidence was found for phenolase, glutathione reductase 
or cytochrome oxidase in the extracts. However, catalase, 
peroxidase and oxalic acid decarboxylase were present. 
4. Addition of azide to the reaction mixtures at concentra­
tions sufficient to block the catalase increased the 
excess oxygen consumption to an average of 115 PI. without 
significantly affecting carbon dioxide production. 
5. The role of oxalic acid decarboxylase was examined in the 
carbon dioxide production. It was found that the catalyst 
could be completely inhibited without affecting the carbon 
dioxide evolution associated with ascorbic acid oxidation. 
6. Attempts were made to separate the ascorbic acid oxidase 
activity from the catalase activity of the fungal extracts. 
The purification techniques used were unsuccessful in 
separating the catalysts, but removal of 70% of the 
extract protein did not block the excess oxygen consump­
tion or carbon dioxide evolution. 
7. The time course of the disappearance of ascorbic acid and 
appearance of oxidized ascorbic acid during the ascorbic 
acid oxidation were followed by colorimetric techniques. 
This information was compared with gas exchange informa­
tion. It was observed that curves from the analytical 
procedures leveled off at about the same time. This sug­
gested that oxygen uptake, carbon dioxide evolution, 
disappearance of reduced ascorbic acid and appearance of 
oxidized ascorbic acid were coupled. 
8. Analyses of the oxidized ascorbic acid present in the 
reaction mixtures following completion of oxygen uptake 
demonstrated an average 10$ loss of the oxidation product. 
9. Experiments were carried out with ascorbic acid-l-C-14 to 
examine the origin of the carbon dioxide production. It 
was found that 0-1 was partially decarboxylated during the 
ascorbic acid oxidation. 
10. Chromatographic examinations of the reaction mixtures were 
carried out in a search for breakdown products of the 
ascorbic acid in standard assay systems. L-threonic acid 
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was detected in these experiments in approximately the 
amounts expected if it was the only product of degrada­
tion. 
11. The peroxidase activity of the extracts was examined with 
respect to stability, substrate specificity and inhibitor 
sensitivity. The activity was quite labile and could be 
eliminated by various techniques without modifying the 
ascorbic acid oxidase activity. It was different from 
horseradish peroxidase in substrate specificity and azide 
sensitivity. Furthermore, horseradish peroxidase could 
not oxidize ascorbic acid without added hydrogen peroxide. 
It was concluded that the peroxidase activity of the 
extracts was different from horseradish peroxidase and 
that the ascorbic acid oxidase was unlike either the 
extract or horseradish peroxidases. 
12. Examination of the azide-blocked reaction mixtures 
carried out in oxygen demonstrated an accumulation of 
hydrogen peroxide. However, the deviation from expected 
stoichiometry of one-half mole of oxygen uptake per mole 
of ascorbic acid could not be explained by the quantity 
of peroxide present at the end of the reaction. 
13. Studies of the peroxidative nature of the fungal ascorbic 
acid oxidase towards ascorbic acid in anaerobic systems 
showed that the extracts could peroxidize ascorbic acid 
anaerobically in the presence of peroxide. 
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14. in experiments with azide-blocked reaction mixtures 
containing added hydrogen peroxide 119 PI. of carbon 
dioxide was produced. This was a significantly larger 
amount than in azide-blocked systems without added per­
oxide. The increased carbon dioxide could be due to a 
non-enzymatic process if most of the oxidized ascorbic 
acid was present as diketogulonic acid. However, if the 
bulk of the oxidized ascorbic acid was In the dehydro-
ascorbic acid form, the increased decarboxylation would 
have to be explained on an enzymatic basis. 
15. Experiments with DPNH demonstrated that this molecule 
was oxidized during the course of ascorbic acid oxidation 
catalyzed by the fungal extracts. However, it was con­
cluded that the DPNH oxidation could have been the result 
of systems other than a peroxidative facet of the ascor­
bic acid oxidase. 
16. Investigations of the nature of the degradative mechanism 
of ascorbic acid were carried out using reduced and 
oxidized ascorbic acid-0-1-14 under various conditions. 
Comparisons were made between the carbon dioxide from 0-1 
and the total carbon dioxide production. In addition to 
standard assay systems, reaction mixtures containing 
either added catalase, azide or azide and hydrogen per­
oxide were examined. The amount of 0-1 decarboxylated 
did vary significantly among these treatments except in 
148 
the presence of added catalase where the 0-1 fraction was 
greater. Furthermore, no significant differences were 
observed in total carbon dioxide production except in the 
case of added azide and peroxide where gas production was 
increased. 
A model for action of peroxidase on dihydroxyfumarate 
presented by Theorell was considered as a possible 
mechanism for the fungal ascorbic acid oxidase. The 
model involved the following reactions: 
(A) AH2 + Og = A + HgOg (oxidatic) 
(B) AH2 + HgOg = A + 2HgO (peroxidatic) 
The observed oxygen excess could be explained by the 
peroxidatic action of reaction (B) with a reductant other 
than ascorbic acid. It was concluded that an intermedi­
ate of ascorbic acid oxidation in the oxidation state of 
dehydroascorblc acid was functioning as a substrate in 
reaction (B) yielding carbon dioxide and L-threonic acid 
in standard assay systems. The increase in excess oxygen 
uptake in azide-blocked systems was explained by the 
inhibition of catalase which allowed reaction (B) more 
peroxide for reactions with reductants other than ascor­
bic acid. Hydrogen peroxide accumulation was explained 
by reaction (A) proceeding at a rate faster than reaction 
(B) under certain circumstances. 
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